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?he Hirage Islands are part of a nofth-facing Archean
supracrustal ‘sequence which 1is dominated by felsic to
intermediate volcaniclastic rocks inﬁerlayered with mafic

flows, and cut by gabbroic dykes N sills. The

estern-most 1islands “are -intruded' by granitoid veins,
igferred to have been derived from an unexﬁosed pluton

Ared sduth of the West Mirage Islands.

.

k)

. : N
Two metamorphic evefits hgvfﬁbeen recongnized in the

area. The first involved amphibolite facies metamorphism

» »

(M1), interpreted to have been caused by the 4intrusion of

the 1inferred pluton. Temperatures approached 600°C and
pressures were between approximately 2 and §\kbar. ‘The

s
second metamorphic event (M2) entailed regional

greenschist facies metamorphism, with temperatures near

450 to 500°C and pressures of about 2 to 4 kbar. M2 may

(and therefore outlasted) Ml sassemblages on the Hirage'

-

" Islands.

A series of steeply dipping east-west striking shear
zones cut the‘rocks on the Hitage Islands,- apd are wdyl'
exposed in metabasic rocks. Equilibration temp?{atu?‘s in

»

;he shear zones were calculated from the fractionation of

ii
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180 between quartz an’dj chlorica. They have ‘a 'binod.a\l
\’ ) distribution which 'corre'sponds to the cemﬁetacures
‘ determined for M1 and M2, and thus it 1s interpreted thatg
the shear zones formed during Ml and ﬁthat some of thé“m
‘have lubsoduentiy re-eq.ui'lib‘rate'd during Hé. '
e =
The aoﬁrce ofvthe hy;:lrothermal fluids cannot be
establ‘ished‘ uriequivocally from isotope data, but ‘1t is
suggested that the fluids which were present in the shear

zones . during M1 were of 1igneous origln. and that ¥ =

metamorphic and meteoric fluids moved through the shear

zones &8s the temperature decreased.

] ’
.

Quartz veins in the shearbzones are host to fluid
incl¥®ions with a fange of compositions and ‘homogenization
temperaturess, High \salinities determined by fluid
inclusion analyses support the interpretation that .the

__hydrothermal fluid was in part meteoric.  No primar:

< inclu;ions' were identified, -lho_wever a few inclu'siohs had o
j\ffficﬂiencly high homogenizatfén temperatures that an
estimate of t_:heif maximum trapping pressure could be made
using fox.'nation temperatures ’calcul.ac’ed from isotope data.

¢
These pressure estimates are all less than 0.75 kbar.

. , Alteration in the shear zones has resulted in the

formation of new mine€ral assemblages and changes in the

/ " it
P

»
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'
'_bulk.chemistfy of‘the sheared rocks, The oxidation states
of iron in shea;gd saméles suggest that the h&drotpormal
fluids were ascending, reducfng flutids. In general, the
changes 1in bulk.compdsinion of thévsheared rocks ;ay be
predicted from alteration reactions between.sheagad and
unsheared mineral ;sbémblages. Estimates of minimug
fluid:rock volume ratios are on the order of 10:1, but.may
bg ’as high as 100 1 or mor; locally. It {3 possible

semiquantitatively to monitor, the alteration progress in

the shear zones, and it was found that the enrichment or

depletion of some elements varies ;;‘(ematically with the

-

extent of altaration. - o b

The shear zones are interpreted to have formed during

the intrusion of the pluton south of‘tho Mirage Islands.

Alteration, which began in the Presence of igneous fluids

‘

continued variubly in:o the regional greenschist facies

~4~—~eveac-wh£eh fo%%owed plutonism The calculated vatiations
‘in eqnilibrium temperaﬁure,d isotopic _composltion. bulk
chemistry -and fluid:rock ratio are. attributed to

v

. v’
variable time of closure of each shear zone.
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“Gold mining in the Yellowknife area has dominated thv.
mineral 1nc;ustry'of the Northwest Territories since it
began in the late 1930°‘s. Major shegr zones and cthet:
asdociated quart:z Vall:ls are host to tha most "ir;porcant.
gold’ deposits {n the YellowEnife area, and several studles
have been undertaken in orc‘ler to better understan>d the
conditions under which theose gold-bearing

chlqtite-sericite-carbonate schiscs formed, including

those of Boyle (1961), Rerrich et al., (1977), Kerrich and

Allison (1978), and Kerrich and Fyfe (1981).
: ) o

~
One of the two main gold-bearing shear zones at
Yellowknife strikes 1into Great Slave Lake, and recent

FL
exploration in the area (6. Goldak, personnl'

communi‘cation,?SG) has 1Involved 1lacustrine geophyslcal

studies to delineate the shear zone under water and to

locate the extension of the gold-bearing zone under the

waters of Yellowknife Bay.

-
’

This study is centred on a series of shear zpnes on.
>

the Mirage Islands in Yellowknife Bay, where the

southern-most exposures of the volcanic rocks of the




Yellowknife Greenstone Belt occur.

Objectives of Study

-

The timing of .shear zone formation and the type and
extent of chemical aiteratlon in the major gold-bear}ng
shear zones at’ Yellowknife have been studied by Boyle
_(1961); Kerrich et al, (197i); Kérrich and Allifon (1981); .. -
and Kerrich (198l1), among others. The results of these
-studies provide the backg;ound for the present study, in
which whole rock geochemical—analyses and microprobe
analyses of mine;}ls, together with oxygen 4isotope “and
fluid inclusion studieg‘on samples from the Mirage Islands
and the Octopus Islands are coﬁparea with the data fromn
the Yellowknife area. The analytical results are combined
with geological data to produce a model for the fofmation

and alteration history of the Mirage Island shear apnes .

Location and Access

The Mirage 1Islands 1lie about 25 km south of
Yellowknife, at the mouth of Yellowknife Bay. They
comprise two groups of islands named the West and East

Mirage Islands. They are accessible by boat or float

plane from.YelLowknifc. ' .




3

Field work in the area was ﬁarried out during 10 davs

in late August of 1984, and from mid-June to the end ot
August 1985, under the auspices of the Geology
C.O.S:E.P. program of the. Department of Indlan and
Northern Affairs, Canada. Fleld work entailed detailed
(1:2200) geological mapping of the islands and syatedatlv
sampling across the shear zones. Although the majority of
tﬁg map area lies under water, the shoreline exposure fis
superb, giving a clear ‘'view of various contact amnd

intrusive r%lationships and of the shear zones which form

the subject matter of this study. o

-

Regional Geology

The Slave Structural ,Province is located 1n( the

Northwest Territories (Figurs 1.1), and covers an area of
almost 190,000km? (McGlynn and Henderson, 1972). 1t is
underlain by an Archean granitoid basement dated between
2.7 and 3.2 Ga (Easton, 1984), over which: lies a late
Archean supracrustal succession of metavolcantc and
metasedimentary rocks, intruded by syn- and pdste.volcanic
granitolds. The supracrustal sequence has beén named ;hn

Yellowknife Supergroup by Henderson {(1970), and covers

about half of the Slave Province.
-~

]

The evolution of the Slave Province 1is presently under




“
debate, and 'tw;) thodels are currently being considered.
One \involv’&s extensional tec\tonics> with continental
rifting, aund the ot.her ca‘lls .tzpon'zcompréssive'tectonics,

\ .
involving accretion of suspect terranes. Both models are
described briefly below.

.

Within the Slave Province five separate supracrdstal
cerra'nés - deflined by large‘areas of turbiditic
metnlaﬁiments flanked by volcanic rocks of tho]..eiitic to’
calc-alkaline affinity - have been delinéated by Padgham
(1985) (Figure 1.1). _,.‘i}cc‘ordi'.ns to the ﬁirst"model, these
terranes represent remnants of volcanosedim.entary basins
which are believed to have' formed by east-west extension
of the basement, producing graben structures that were
infilled by clastic material derived from the ad}acent
uplifted blocks (H;nderson, 1981). In this mc;del,

volcanism 1is considered to have occurred as a result of

extension along the steep faults bounding the basins.
N ’

8

In the second model, extensive areas of supracrustal
rocks are thought to be essentjally allochthonous with
respect to the structurally-underlying Slave basement

(Hoffman, 198s6) . Volcanic belts are considdred to be

Archean equivalents of accreted fore-arc comglexes‘, and

the extensive turbiditic sediments assoclated with the

~
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Eiguxe 1.1 Simplified geological map of the Slave
g -
Struectural ‘Province, outlining the five supracrustal

basins defined by Padgham (1985) . Inget figure shows the

locétion of the Slave Province in northwestern Canada.

’
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7
greenstones 'are compared to modern distal pelaglc
sediments (Hoffman, 1986).

Proponeﬁts of both models acknowledge thdt widespread

granitic plutonism larE\Iy postdated tha deposition of the
supracrustal units, and produced contact metamorphic
aurﬁoles in the surrounding country rocgs; Most plutons
I-have yielded radiometric dates between 2.5 and 2.6 Ga
’ (Padgham, 1985). Complex folding and faulting accompanied
the earlier stages gf post-depositional plutonism, und.
resulted in the rotation of the supr#cruscal sequences
into thai{ presen;, sub-vertical orientations. ’Tha
emplacement of the latest grnnicpid bodies did not produce

significant structural overprinting of the country rocks

(Ring et gl., 1988).

o

~
* , :
Detailed structural mapping is required - to

discriminate between these two opposing models.

Ihs_tzllmnfs_ﬁnmugnmu

The Yellowknife greenstone belt lies on the western

margin of the southwestern-most supracrustal basin (Figure
1.1). It is exposed for over 40 km, extending northwards
from the mouth of Yellowknife Bay in Great Slave Lake

The overall strike of the lithologies {is NNE with tops




faclang east, into the basinf

The sfratigraphy has been ‘defined by a number of

workers, 1including Joliffe (1938, 1946), Henderson and
Brown (1966); Henderson (1970, 1981), and most recently by
Helmstgedc and Padgham (1986)7/ The stratigraphy of
Helms taadt and Padgh;m 11986) {8 shown in Table 1.1 and

Figure 1.2, and {8 discussed briefly below.

Stratigraphy

Vﬂalmstaadc and Padgham (1986) have subdividad the
Yeflowknife Supergroup at -Yellowknife into three
conformable groups, known ' 'as the Kam Group, composed
mainly of tholeiitic basalts; fﬁe Banting Group, a
calc-alkaline volcanle suite; and the Duncan Lake Group,
made up of predominantly turbiditic metasediments (see
Table 1.1). The Kam Group wunconformably overlies the
Octopus Formation, a poorly-exposed unit composed of
mecamofphosed volcanics and sediments) ;hich are
interpreted to be part of an earL&er volcanic <cycle
(Helmstaedt and Padgham, 1986) . Banting Group
motavol;anics and Duncan Lake metasediments interfinger
and overlie the Kam éroup (Padgham,” 1985; Helmstaedt and

»
Padgham, 1986).




Figure 1.2 Geological map of Yeilowknife Bay area,
modified after Helmstaedt a;g Padgham (1986), showing the
three 'main groups (the Kam, Banting and Duncan Lake
Ct;ups) of ché Yellowknife Supergroup, the location’of the
Weétern1 Granodiorite (a phase. of the Western Plutopic
Complex), and the location of tha.major gold-bearing shear
zones. The location of the Kam/Banting boundary in the

area of the Octopus Islands (informally named) is

.

presently under dispute. This map'shows the interpreted

boundary of Pelletier (personal communication, 1986) .

That of Helmstaedt (personal communication,1987) lies
u”
north of the Oetopus Islands.

" \
N
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The basal Kam Formation 1s composed of sheated gabbro

dykes and pillow basalts It 1is interpreted to represent

an initial .phase of :iftiné following exte#sion' ot the
basement (Helmstaedt and Padgham, .1986) .

On the east side of Yellowknife Bay lies the buck
Formation, w?ich 1s dominated by ﬁillowed basaltic flows
yhosé'chemistry 1s transitional between tholeiitic and
calc-alkaline trends (Cunningham (1984) in Helmstaedt and
fadgham, '1986). The Duck formation may shave originaced
from a ‘different volcaﬁic centre to the Kam and Banting
volcan;ca, and has been included as part of the Duncan

Lake Group by -Helmstaedt and Padgham (198¢).

'fba supracrustal rocks oé the Yellowknife area are
igtruded by a number oﬁ granitic plutons, 1including a
composite grénodiérite batholith known as the Western
Plutonic Complex which lies to the west of the greenstone
belt. The Western Granodiorité (Figure 1.2) i1s one phase
of-the Western Plutonic Complex. The JZrliest phases of
this complex may Se -synchronous with Banting Group

volcanism (Easton, 1984).

J




) ,
Iable 1.3 Simplified stratigraphy of the Yellowknife

Creenstone Belt, after Helmstaedt and Padgham, 1986.

L]
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Jackson Lake Formation

(conglomerate)
unconformity A~~~ ~mces a0 e o
. Duncan Lake Group
. (metaturbidites)

Banting Group - - - - initiation of
(calc-alkaline metavolcanics plutonisnm
and volcaniclastics)

Kam Group
(tholeifttic metavolcanics)

unconformity ~rnr L s
Octopus Lake Formation ¢

(metavolcanics and metasediments)




Unconforn;ably overlying the ‘Yellowknife stratigraphy
{s the Jackson Lake Fotrmation, which is a conglomerate
composed 1in part of granitolid clasts derived from the
Western Plutonic: S:omplex. The base of the Jackson Lake
Format{ion cuts down tlirough the Kam Forn;atiou, and 1{ts
deposition is believed to have been confined to a narrow

fault-bounded channael (Helmstaedt and Padgham, 1986).

The s;ppr.':acrustu]i rocks at Yellowknife define a

homocline striking NNE and generally dipping steeply to

the east. ', ‘'The Duncan Lake Group metasediments are

complexly folded and dip and young both east and west,
- .
although the overall direction of younging praserved in

7 ~ .
the more competent volcanic rocks 1Is eastward, away from

the Western Plutonic Complex. To date no evidence for

large-scale thruscing has’ been found in the Yellowknife
Greenstone Belt (Helmstaedt, personal communication,

1987).

Metamorphic grade in the Yellowknife Greenstone Belt
is low to intermediate; mostly greenschist facles except
adjacent to ‘the Western Plutonic Complex, where

)

amphibolite facies assemblages occur.. Metamorphic gindex
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minerals in mafic mec;vc‘ylcanics and fntrusives f{nclude
albite, act:nolite, chlorite and locally hornblende, .und
In the metasediments include biotite, muscovite, and in
places cordierite and andalusite, ‘

. A}

A series of steep, anastomosing shear zones-~ 15;
developed in- the Yallowl;nife Ereenstone belt (Figure
1.2). They strike both obliquely across and parallel to
the bedding. These shear zones, which- are spatially
associated with ch; Western Plutonic Complex are
considered by Helmstaedt and Padgham (1986) to have formed )
near the brittle/ductile transicfdn zone between
amphibolite and greenschist facies conditions. Helmstaedt
and Padgham (1986), observed that the shear zones defina
steep conjugate pairs, and conclluded that they formed
following eastward rotation of the volcanic sequence.
Furthermore, Drury (1977) suggested that the
bedding-parallel shear zones probably formed ‘during

tilting of the wvolcanics, synchronous with granitoid

intrusion.

The shear zones themselvas vary in width from 10 to
150 m, and display greenschist facies assenblages as a
result of retrograde metamorph—i.sm within them. The shear

zones formed through simple shear, dominated by dip sliip

offset, with west side up movement (Henderson and Bruwn,

3

e
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1966).

Three deformational episo&es, each assoclated wi_th a
characteristic geochemical signature, have been identified
in the shear zones .by Kerriich and Allison (1978), and
Allison ‘and Kerrich (1981) (Figure 1.3). An early set of
en-achelon sigmoidal quartz velins {is interpreted to have
developed coevally with the formation of the SChist;osity
(Figure 1.3a). These are barren quartz veins that are
believed ¢to have formed by the migration of S10; 1in
solution from the surrounding schists (Allison and
Kerrich, 1481). Fluid transport 1is considered to have
occurred‘only on a local scale 1in this early phase,

The second deformational episode within the shear
zones invelved hydrauliec fracturing 'parall..el to
u:ﬁist:osity (Figure 1.3b). Allison and Kerrich (1981)
have shown that this could have been achieved under stress
conditions identical to those 1n;:erpreCed for the first
phase of deformacion. Fracturing parallel to the
schistosity produced dilatant zones in the shears into
wvhich large volumes of fluids flowed and reacted‘ with the
surrounding wallrock. Kerrich (1981) has suggeste‘d that
these flulds wvere d‘erived from the products of prograde

metamorphism at depth. I us-flukds circulating about

the Western Plutonfc Complex,\ whi } believed to have.

/
{

\
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intruded coevally with shear zone formation (Drury, 1977;
~ . ‘ !

Helmstaedt and Padgham, 1986), may also have contributed

to élteration In the shear zone??

Phase two quartz veins are gold-bearing, and are
surrognded by alteration haloss disqinguisbed by reduced
Fe and extensive sericitization (Kerrich, ‘1931; Allison
and Kerrich, 1981; Kerrich et al., 1977a). Typlcally,

fluid:rock ratios of the order of 150:1 or. more have been

éalculated for this phase of shear zone alteration

(#errich et al,, 1977a),

In cﬂe third deformational event, further displacement
ﬁlong the shear zones groduced joints normal to the
schistosity, which were infilled with gold-bearing quartz
veins (Allison and Kerrich, 1981) (Figure 1.3¢). Material

in these veins is believed to have been remobilized from

phase two quartz veins (Kerrich and Allison, 1978).

’

f

' .
Near Yellowknife, the second and third generations' of
quartz veins 1in the Campbell and Giant Shear Zones ars
being mined, and to date they have produced over 330,000

kg of gold (Padgham, 1983).

Late Proterozole sinistral faulcing has offset the




Eigggé l.3 Schematic diagram showing sequence of quartz
vein formation within major shear zones at Yellowknife,
from Kerrfch and Allison (1978), and Allison and Kerrich

(1981).

&) 1inicial en-echelon quartz vein formation, resulting

from local migratiom of S10j.

\
b) schistosity-parallel gold-bearing quartz veins,

resulting from hydraulic fracturing.

c) gold-bearing quartz veins filling joints at high angles

to schistosity, resulcting <from continued displacement

along shear zone.

-y

“\\ ) | -~







20

rocks and tpe gold-bearing shear zones in the Yellowknife
area (Figure 1.2), so that the cogtinuation of the
Campbelll Shear Zone lies somewhere un;er the waters of
Yellowknife Bay. The Mirage Islands and ihformally named
Ochpus Islands (Figure 1.2) are the only outcrop in the
.regi;ﬁ of the inferred extension of the shear zone, and so
represent the simplest an?'cheapastvmeans of sampling in
the ?;ea” If wminor shear zones on the islands show
similar types of alteration to those of the large shear
zones near Yellowknife, it may be inf;rred that both were
formed during the same structural event and %nderwent the
same physicoch:mical processes which produced the major
concentrations of g&ld near Yellowknife.

Hirage Islands

.

The Mirage 1Islands comprise the soJ;hern-most

exposures of the Yellowknife Green;tone Belt. The

bedrocks consist of a  sulite of <calc-alkaline rocks

correlative with thea Banting Group. ‘J,/

Lithologies on <the West Mirage Islands strike

eagst-west, and dip§ are steep. Beds generally young to
the north, with a few lpcal reversals. Strikes on the
East Mirage Islands are variable, with a dominant trend

4

nearly north-south. qtjause the East Mirage Islands are

\ v
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smaller and more widely spaced than the West Mirage
=~ .

Islands, most units could not be interpolated between

islands, or between the two groups of islands.

' -

The stractigraphy of the Mirage Islands s shQWn in
Fligure 1.4. Units are labellad numer ically according to
their relative positionq 4nd €0 cross-cutting
relationships. Thare are some gaps 1in the stratigraphy
due to lack of exposure between the islands. No attenmpt
has been made to correlate with Banting Group stractigraphy
because the closest sxposure of Banting rocks lies 22 knm
to the north, and distinctive marker units do not occur.

The rocks exposed on the West Mirage I'slands have been
informally named the Mirage Formation by the author (Relf,

1986a), and are considered to be part of the Banting

N IS

Group. Two maps showing the geology of the {slands and
sample locations are presented in the back pocket of the
thesis, and detalled geology ﬁaps_are available as open
file maps from the %ﬁpartment of Indian and Northarn

"Affairs, Canfda, In Yellowknife (Relf, 1986b).
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Figure 1.6 Stratigraphy of the West Mirage Islands. . The
exposed base is dominated by mafié tuffs and
volcaniclastic rocks, overlain by more than 1500 metres
(possibly thickened by folding) of felsic to ihtermediate
tuffs, cuéfaceous sediments, and fragmental volcaniclastic

rocks, interlayered with minor basalt flows, and intruded”

.by gabbro dykes. This sequence is topped by

thinly-bedded, {soclinally-folded ¢tuffs and tuffaceous

sediments.'

Leéend: \
i dominantly mafic ctuffs
s~ = mixed felsic and intermediate volcaniclastic
rocks, tuffs, tuffaceous sediments
> - plllowed basalts (tops N)

ﬂy - gabbro
> - plagioclase porphyry

E¥ . - quartz crystal tuff (porphyry?)




Stratigraphy of West Mirage Islands

lulfﬁ. tutfaceous sediments
{Unit 2)

—— gabbro (unit s)

quartz-crystal tuli? porphyry?
(Unit 2)

pillowed flows (Unit 1

lapilli fulf, tuffaceous sediments, volcanic breccia

.4+— plag. prophyritlic dyke ‘ (Unit 2}
j {Unit J)

1

mainly mafic tuff .(unit 1

* /
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Mafic voléanic rocks of basaltic to andesitic
composition comprise Unit 1. The southern-most West-
Mirapge Islands, Ac the base of the exposéd section, are’
almost entirely composed of well-bedded mafic tuffs. In
three localities, tops were found to face north. Beds dip
steeply ;orth and south, with bedding overturned in

Q

places.

In the top half of the stratigraphic section, piliowed
and ;;ssive flows are intercalated with felsic to
intermediate volcaniclastic rocks (Unit 2). Where the-

pillows are not too deformed, the flows can be seen to

young towarcs the north. Recrystallized quartz amygdules

are common in both the masgive and the plllowed flows, and
locally mafic amygdules of actinolite +/- <chlorite
+/-blotite are present.
: hi

A number of pillowed flows are overlain by pillow
breccia. These br;céias consist of broken fragments of
pillow .QGIVlges supported 1in an aphanific, mafic
groundmasﬁ. Generally the pillow breccias are less than a

metre or so in thickness.




Unit 2

Unit 2, which consists of intermediate to felsic
volcaniclastic rocks, encompasses a wide varlgzy of
lithologies -and can be subdivided {nto a number of
sub-units, Well-bedded tuffs and tuffaceous ;ediments
comprise a large part of Unit 2. The tuffs are composed
of very fine grained material of intermediata to felsic
composition, and locally such sedimentary feature; .as
normal grgcled bedding,  flame Structures,
cross-stratification, and in one place, slump st;ucturas
can be Qeen (Figure 1.5). Wher§ such sedimentary features
are displayeé, the rocks are interpreted to be reworked

N

aquagene tuffaceous sédiments.

Tops are preserved in places in the tuffaceous
sediments,'and‘are found to face both north #nd stﬂh

indicating the presence of tight to isoclinal folds.

Bedding is steep and locally overturned;

Fragmental vo fjiclastic rocks make up a significanc

part of Unit 2 (see Figure 1.6). Thelr cbmposiciéns vary

from felsic to intermediate, and the fragments range in

. L
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Figure 1.5 Soft sediment features {in tuffaceous
sediménts.

a) Flame structures in tuffaceous sediments, West Mirage
Islands, Pencil is approximately 15 cm long.

b) Slump structures in tuffaceous sediments, West Mirage

Islands. Lens vcap {s 5 cm in diamecter. -
) .

~

c







Figure 1.6 Fragmental volcaniclastic unict,.

a) Incarmadiace. lapiild . tuff, fragments showing

flactening parallel to bedding. Pencil 1is approximately

15 em long.

b) Intermediate volcanogenic unit containing block-size

fragments. Pencil (approximately 15 cm long) is parallel

)

to bedding.
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~ .,
size from lapilli to -blocks wup to 30 cm or more in
diameter. Lapilli tuffs are most common.
In general, the fragments are more felsic than the

surrounding 'matrix,' and appear as buff-coloured clasts

which weather higher than the groundmass.

>
3

The appearance of the fragmental volcaniclastic rocks

- varles considerably. Some are well-bedded,
macrtx-suppo;ted units, with bedding thicknesses of 2 to
20 cm. Others contain irregdlarly-shaped lapilli (and
locally blocks) in massive layerﬁ l to 5 m thick wich
weakly defined internal layeriﬁg. These may be matrix- or

clast-supported.

A unit containing angular to sub-rounded,
poorly-sorted, hetoroggneous volcanic ‘clasts supported in
an ash wmatrix 1is present in a 'few localities
(Figure 1.7). This wunit shows 1little or no internal
;orcing, typically 1is less than 2 metres thick, and rarely

14
extends for more than 15 - 20 m.- In the field it was

called a volcanic brecctia, although 'its origin 'is
uncertain: It may efther be the result of explosive
volcanism, or it may be a laharic breccia. .

Other lithologies in Unit 2 include a quartz -crystal

.
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Flgure 1.7 Heterogeneous, polylithic volcanic breccia

" (Unit 2). Diameter of lens cap i{s 5 cm.

N

Pl [N

ure 8 Plagioclase porphyritic dyke (3) intruding 'an
intermediate volcaniclastic rock (2), and cut by a later

gabbro (5). Width of photo covers approximately 5 m,

2r

G
*
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. . . v
tuf f (flow?é. and a few thin (5 - 10 cm) cherty horizons

which may be either sedimentary cherts or siiftcified

sediments or tuffs. ' o “
’?
Unic 3
Unic 3 consists of a felsic, aphanicic,

plagioclase-porphyry which both cross-cuts and in places
is conformable with the bedding. Where conformable it Is

“uncertain whether this unit 18 intrusive or extrusive,

This unit is cross cut by gabbro, but locally {ntrudes
.the volcanics (FLguxfe‘l.S). and so {3 {nterpreted to bhe

late syn-volcanic in age.
Unit 4 '

' i
Unit &4 {3 composed of a sgeries of aphanitic{felsic

) dykes less than 1 m in width which cut the .volcanics at

low angles. These dykes weather buff to pink, and are
N
commonly flow-banded parallel to their margins.

e

Unit 5

Unit 5 consists of dykes and sills of gabbroic to

dioritic compoisition. Gabbro is a field term commonly
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applied In the Slave Province to mafic intrusiﬁe rocks
that are spatially asociated with volcanic packages (e.g.
Bostock, 1980,‘He1mscaedt and Padgham, 1986, Helmstaedt et
-al., 1986). It s used here to describe unit S,Iefén
where albite is the dominant plagioclase cémposition, and

igngous plaglioclase is not recognized.

At least four generations of gabbroiec intrusions have
been {dentified in the hreaf and cross-cutting
relationships fndicate .that dyke; striking between north
and northeast are ;he youngest. Plagioclase-porphyritic
gabbros are fairly common, and locally contain zoned
plaéioclase phenocrysts as large as 10XIQ em on the
o;tcrop surface (Figuré 1.9).

\ ‘ . .

Near the bottom of the VOlcanich pile, gabbro {s
intruded in places by felsic dykes of Unit 4. Higher wup
in the section, Unit 4 is consistently cut by the gabgggiv//

Assuming that all of the felsic dykes are coeval (in
i

contrast to the gabbros which intrude one another, the
felsic dykes show no crosscutting relationships with other
felsic dykes), then the gabbro dykes .near the base of the

Pile represent aw early phase of mafic intrusionm, and may

be fesders to the mafic flows higher up.




) ‘ hd -
4 -
. /
o« =
: R
;
Figure 1.9 Gabbro dyke bearing zoned - plagioclase
megacrysts in places up to 10 cm across. Diameter of lens (
cap is 5 cm.
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Unit 6 ’W

Unit 6N 1is a féliéted intrusive’runit varylng in
composition/from a tonalite to a gabbro. The end meuber
compositions are ‘distinguished by the greater modal
‘abundance of quartz (>20%) and -feyer mafic minerals (qbput
10 to 20% in che former), and a iower quargi content (<505
and greater nmafic co;tont (>35%) * in the latter. The
western-most West Mirage Islands are intruded by unit 6.
Contacts between the gabbro and tonalite are locally
gradational and poorly-defined. Elsewhere, younger

gabbros clearly intrude the tonalite-gabbro.

Unit 7

"Unit 7 1s a foliated leucocractic- géanite to

granodiorite, and is exposed as roughly north-souch
-\ .

striking veins up to one metre in width on the western-
most West Mirage. Islands. These veins crosscut the
. ‘ ‘ ‘
supracrustal rocks on the islands, but locally are
‘intruded by thé youngest northeasc-striking gabbro dykes.
. ’ -
The extrapolated extension of the Western Plutonic

Complex® in Great Slave Lake lies aboyt 5 km west of the

West Hirage‘Islands. Where the compfex is exposed
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N .

farther north, granitoid veins extend beeween 200 m and 1
km into the adjacent volcanic rocks (Heﬁdenson and Brown,
1966) . This implifes that: 1) the contact of the Western
Plutonic éomplex .does not continue SSW, but swings
;astward towards the Wﬁst Mirage Islands; or 2) tﬁ?ra is
another plutonic body nearby which is located near the

western-most West Mirage Islands.

Unic §

{ Undeformed diabase dykes comprise Unit 8. In the
Mirage Islands, these d;kes are t}pically ‘less than 1
pette in widtﬁ, and strike between north and northwest.
They weather a distinct rusty brown colour, typical of
Proterozoic diabase dyke; exposed elsewher; in "the Slave

Province.
e and

In the West Mirage Islands, the lithologies strike
east-west, with tops facing north, implyiﬂg the presence
of a large fold 1In Yellowknife Bdy (Figure 1.2).
Lacustrine selismic studies (G, Goldak, pe;sonal

communication, 1987) h:ve outlined a sharp bend in the

structuy}l trend which accords with this inferred fold.
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.

Neither axial planarféieavage nor minor asymmetric foldss

P A
spatially associagad with the axial trace of the fold were

.

found in che area, although gn the western-most islands a
14

strongly developed, east-west trending, steep foliation is
present. This %abric implies a north-south directed
subhorizontal stress field, and may have resulted from the
intrusion of a plutonic body to the-south‘of the {slands.
The presence of such a body could explain the shavp,
pinched shape of the fold in the volanic belt, and also
‘the presence of abundant - granitoid veins on the western
most islands. Because these granitoid veins are locally
cut by gabbr;. it 'is believed that this inferred pluton is
temporally related to the Western Plutonic Conmplex, whi;h
is late syn- ﬁo post- Banting Group tn age (Easton, 1984).
f ) g

Tight to {soclinal folds weére observed in tuffaceous
metasediments of Unit i. with half wavelengths of about 1
metre, These folds are correlated with the Fl folds
farther north fn the volcanic belt. . An assoclated S§1]

foliation in the volcanic rocks 1s weakly developed to

absent. ,
v

Exposure in the East Mirage Islands is sparse, with an

average strike of bedding approximately north-south
(Figure 1.2), A weak foliation 1is present and is

subparallel to bedding.




The shear zones Iin the Mirage Islands are similar to

those at Yellowknife in that they strike nearly parallel

. to bedding and dip steeply to vertically (Figures 1.10

and 1.11). The mean strike of tfe shear zones is 098° -
(Fiéures 1.12, 1.13). Locally shear zones cross-cut and
offset one. another, although apparently no one orientation

of shear zone is consistently younger than the others.

This suggests that they formed more or less synchronously.

y

-Because most outcrop surfaces on the islands are near-
horizontal and the shear zones dip subvertically,
kinematic \{n;icators for dip slip movem:aut were rarely
observed. Locallf, modera.t:ely plunging miner;nl lineations
(mainly of chlorite) are exposed on the schistosity planes

within shear zone boundaries. Elsewhere, of‘fseCS of units

across the shear zones were empldyed to determine the

.magnitude and direction of displacement i{n the horizontal

plane, although the amount of dip slip offset could not

ganarally be determined.

Most shear zones on the Mirage Islands are between 1

and 5 m wide and are characterized by retrograde
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assemblages with tespect to the surrounding rocks. They
commonl& concain-annstomosing quartz veins which are
subg;arallel to the schistosity, and less commonly conra'inA
carbonate veins which transecﬁ the schistosity at low to
moderate angles. Locally - less deformed augen
preserved within the shear zone boun'daries,- and

chara‘cterized by assemblages which are less hydrated

the surrounding schistose rocks.

She'ar ' zones cutting gabbro are more abundant than
shear zones in the volcanic rocks, perhaps indicnting that

the supracruvstal rocks deformed {n a ductile manner by

folding, whereas the more competent gabbros deformed by

faulting and shearing.
A\
A shea‘r zone cutting a felsic lapilli metatuff (Unit
2) on one 1island displays. a protomylonicic texture.
Offset in the plang of the outcrop is approximately 30 cm
in a dextral sense. Elsewhere, shear zones cutting the
felsic volcanic rock's are marked by steeply-dipping

schistose zoné‘s, similar in appearan-ce to shear zones f{n

‘gabbro.

‘Near Yellowknife, the shear zones strike parallel to
the cantact of the Western Plutonic Complex, whose

intrusion  {s believed to have initiated the deformation




Figure L/.,],Q Anastomosing shear zone 1 metre in width

¢
hosted in gabbro. Note the less deformed augen preserved

in the shear zone. Scale is 9 cm long.
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»

Elgure 1.11 5 m wide shear zone  1n“ mafic

velns which are

flow, with I

® discontinuous anastomosing quartz

subparallel to schistosity. ' Hammer handle is

approximately 1 m long.

%
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Figure 1,12 Rose diagram showing the range of shear zone

orientations in the West Mirage Islands. Dip of the shear

zones is essentially vertical. n = 34,
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Figure 1.13 Map showing distribution of shear zones on

the West Mirage Islands. Bar scale 1is. 500 m.
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that produced the shear zones (Helmstaedt and Padghanm,
1986; Drury, 1977). In the West Mirage Islands, the shear

,zones have a mean strike near east-west, and a pluton is

inferred to lie south of the islands. It is possible

therefore, that a similar shearing mechanism was op=rative

in the Mirage Islands.
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Introduction

.
o

The,Yellowknife Greenstone Belt has undergone regional

greenschist facies metamorphism, accompaniaed by

amphibolite facies contact metamorphism adjacent to large

bplutonic bodies (Henderson and Brown, 1966). Rocks on the

Mirage Islands - similarly record evidence of two:

metamorphic events,; an amphibolite facies contact thermal
event, and a regionaligreenschist facies event. Mineral
texcgres indicate that the{greenschist facles assemblages
equilibrated after amphibolite facies assemblages on the
'Mgrage Islands, although the onset Af greenschist facies

metamorphism may. have ,been synchronous with, or even

predated the amphibolite facles,metamorphic event,

Samples from each of the seven Archean units were-’

examined in thin section. Although primary structures

such as ﬁedding and 1igneous textures are preserved, the

mineral asﬁémblages,_especially in cthe mafic rocks, are
essentially me:amérphic. Glassy fragments in_the'felsir
volcaniclastic ~rocks are devitrified, and
aphanitic-textlUred volcanic rocks contain fine grained

metamorphic assemblages. In many cases,‘ micreprobe

analysis of  minerals in the fine grained rocks Is

e
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difficult, and thus the majority of analyses are from the

codarser-grained gabbros.

Péineral assemblages from the map unitsi in the Mirage
Islands are giYen in Table 2.1..\

The mafic tuffs are composed' of very fine grained
plngioclase‘(partlyArepl'aced by e'piiote and calcite), mats
of' intergrown actinolitic hornblende and actinolite,
chlorite., biotite, and': miporA disseminated pyrice
(Fligure 2;1). This assemblage indicates a ‘metamorphic.
grade between upper greenschist and 1lower amphibolite

-facies conditions. ,

The mineral assemblage of the basalts i{s indicative of
.gre.'enschist: facies conditions.- Earliefﬂr'?plagioc‘lgse is
'i;eplaced by oligoclase + albite + epidote +/- white wmica.
Hafic minerals compr'ise abou’f: 50; of the rock,A‘and. are

p'redoninantly actinolite, chlorite and minor biotite. 1In

the field, some brown-weathered orthopyroxene was found in -

one locality, and is interpreted to be igneous in origin.

Minor <calcite s present, and trace amounts {<l%) of

pyrite are disseminated through the rocks.
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Table Z,L‘ Comparison of the mineral assemblage(s) in each

: rock type found on the Mirage Islands.




Rock Type Mineral Assamblage

meta- albite to oligoclase + actinolite (+/-

basalt actinolitic. hornblende) + chlorite +
epidote + quartz + calcite +/- gericitce,
biotite, pyricte, sphene

meta- albite to oligoclase + actinolite to -

mafic tuff hornblenda + <chlorite + bilotite +
epidote +/- calcita, quartz, pyrite,
sphene .

felsic to quartz + plagioclase + K-feldspar s
intermediate biot{te + muscovite +/ - chlorfite,
meta- actinolite, sphene
volcaniclastics

plagioclase oligoclase phenocrysts, groundmass =
porphyry quartz + feldspar* + biotite + chlorite
+/- pyrite

felsic dykes aphanitic to very fine grained quartz +
feldspu* + minor muscovite, biotite

metagabbro greenschist facies: albite + actinollte
. + chlorite + apidote + quartz + calcite

+/- sericite, biotite, pyrite '
amphibolicte facies: labradorice +
hornblende to actinolitic hornblende +
epidote + quartz +/- calcite, .
‘actinolite, chlorite, ¢linopyroxene,
pyrite, sphene

tonalite albite to oligoclase + quartz +
hornblende + actinolite + biotith +/ -
to - chlorite, sphene

gabbro albite to oligoclase + hornblende +
: actinolite + quartz +/- chlorite,
sphens, apidote .

granite to albite to olfigoclase + quartz +
granodiorite K-feldspar + biotite. +/- chlorfte,
. sphene -

* groundmssa too fine grained to distinguish/iplagioclase and K-
feldspar optically,




The mineral assemblages of the felsic to intermediate
volcaniclascic rocks are difficult to distinguish in most
samples, due to their very fine grain size. However, a
few of the samples are sufficlently coarse-grained that
individual ginérais' can be recognized in thln section,
Quartz, plagioclase and K-feldspar together comprise in
general -about 60 - B80% of these _rockAs, the rest being
.very fine gralned bilotite +/- chlorite +/- muscovite
(Figure 2.2), which éommonly defina a compositional
layering interpreted to be bedding. This assdmblage 1is
indicative of greenschis.t ‘facies metamorphism. In
mica-poor rocks, this layering may be defined by different
grain sizes:ofl the felsic minera}s, and diagnostic

assemblages of metamorphic facies are not present .

The felsic plagloclase porphyry unitc (unic 3,
contains randomly-oriented oligoclase phenocrysets 1 . 1.5
mm in length which are partly altered to sericite and

fo

epldote. The groundmass {s composed of about 85% quartz

and feldsp.ar (the feldspar |{is too fine grained to

distinguish plagioclase from K-feldspar in thin section),
and 15% 1intergrown biotite + chlorite. The micas define a
;ns_:der'at:e follation wvisible in thin section, and are

concentrated in the pressure shadows of the phenocrysts .

Fine grained pyrite is spatiallx ‘associated with the




Figure 2.1 Fine grained mafic cuff (top) interlayered

with 1Iintermediate tuff‘(bottom). Mineral as blage 1is

—

nlbiﬁe. chlorite, epidote, biotite, and minor actinolite,

calcite and quartz. Plane polarized light. Bar scale is

v
1l mm long.

“

Figure 2.2 Intermediace fragmental volcaniclastic rock.
Clasts are made up of quartz' (B0%) and recrystallized .
lithic fragments (20%). Matrik consiscs of very fine

grained quartz + plagioclase + K-feldspar + muscovite +

minor blotite + chlorite. Plane polarized light. Bar

scale is 1 mm long.
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blotite. The coexistence of chlorite andLblotite implies
a wmetamorphic grade between mid greenschisc and lower

amphibolite facies.

The gabbro dykes are hydrated to varying degrees, and
mineral assemblages record metamorphic conditions ranging
from greenschist to amphibolite facles. A typical
'grennlchlst facies assemblage iIn gabbro consists of
albite, actinolite, chlorites, epidote, sericits, minor
quarf}, caléiCe, +/- trace amounts of Biotite, sphene, and.
ﬁyrite. Anphibolite facies gabbros contain labradorice,
hornblends, sericite, minor actinolice, chlorite, calcite,
epidote and quartz, +/- traces of sphene and p&rite. This
is not an equilibrium assemblage, and an examination of
‘the minerals reveals that chlorite, calcite and actinolite
are replacing hoHnblende and epldote.

Most of the Mirage Island gabbros contain one of these
two assemblages, although a mineralogical continuum exists
betvween the two end members. Petrographic textures show
that the greenﬁchist facies minerals are replacing ghe
amphibolite facles assemblage (Figure 2.3), implying an
early medium to ﬁigh grade metamorphic event, followed by
a retrograde \event in which eomplete eduilibrium was mnot

achieved in all samples. Perhaps the coarse grain size of




Figure 2.3 Hethgabbro showing partial alteration of
amphibole (am) to chlorite (chl) and plagioclase (pl) to
serfcite (ser) and epidote (ep).

a) Plain polarized light

b) Crossed polars

Bar scale is 1 mm long.
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the gabbro relative toctth;:>b;§a1t. and 1its lack of

structural anisotropy (such as bedding or cleavage) along
which hydrating fluids could penetrate has ensured the
preservation of the amphibolite facieskgssemblage

locally.

The tonalites are distinguished from the gabbros by
the smaller proportion of mafic minerals (20-30%), and by
the ©presence of ‘more than 208 quartz. Plagioclase
composition ranges from Ang to Anyg. Hornblende,
‘actinolite and bilotite, (the latter locally replaced 1in
part by chlorite) make up the mafic compoﬁent of the
réck. . The two amphiboles appear to be in ~equilibrium,
indicating 1lower amphibolige facles  metamorphic

conditions.

Mineral Chemistry
E_lmp_qlm

Alcthough the quality of some of the microprobe data {s
suspect (see discussion'in_kppendix A), 1t {is sufficlent
to show cha; the plagioclase has a bimodal distribution of
Anorthite content, wich ‘one mean near the albite-

oligoclase boundary, and another in the iabradorite range

(Figure 2.4) .




Figure 2.4 Histogram of plagioclase .compositions
determined by microprobe analyses from unsheared metabasic
tocks (top half) and sheared metabasic rocks (béttom half)
from the Mirage Islands. Unsheared plagloclase grains
have a bimodal distribution of An content, and
-petrographie textures 1ndiéaCQ that assemblages bearing
the more calcic oplagioclase are being replaced by
assemblages bearing more sodic plagioclase. Plagioclases

from‘sheared samples are sodium-rich.
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The basic volecanic and volcaniclastic units are
charactorizod.by abundant micas (especially chlorite), a
paucity of amphiboles, and Plagioclase compositions near
albite, although plagioclase phenocrysts n;t uncommonly
preserve compositions of Anjg.2s. The plagloclase

composition then, is compatible with the greensghist

faclies mafic minerals ﬁresent.

The gnbbrésﬂ which have been subjected to the same
greenschist facies metamorphic event, have 1locally

preserved more calcic.plagioclase (as high as Ang7 in one

sample); less modal chlorite and concomita#ntly more
amphibole; and in one thin. section, some relict
clinopyroxene. These features attest to the lower

permeability ofhthese rocks, and thus to less extensive

reaction with hydrothermal fluids.

The more  calcic plngioclape._(;ndesine-labradoritéj
;reserved in the unsheared gabbros is indicative of middle
amphibolite facies metamorphic conditions, whereas albite
i1s characteristic of é}eenschist faclies. The bimodal
digstribution of‘plagioclase coﬁposition may be explained

4by two distinct metamorphic events, fn which an
amphibolite facies metamorﬁhism ‘was followed and
" overprinted by a greenschist facies‘event. It is possible

3

\\ifat,the most calcic plagioclase (defining a minof peak

-




-
[

between Angg and Anyg) is relice 1gne0us'plagioglaso.

Throughout the Yellgwknife Greenstone Bslt, regional
greenschist facies metamorphism 1s recognized, and
amphibolite facies aureo{&i are qutialiy assoclated HECﬁ
large plutons (Henderson and Brown, 1966). Although the
lover grade regional metamorphism may have begun before or
during pqﬁ& contact metamorphism, no evidence'was found
from the Mirage Islands that the gfoénschist facies evpnt’
bracketed the time span of the amphibolifa fggios event,
Amphibolite facies asseﬁblages, where they are preserved,
are -partly replaced'by; and theerore predate greenschist
facies assemblages. A Thus, the amphibolite grade
metamorphism is referred to as Ml, since it is the firét
recognizable metamorﬁhic event in the area,
greenschist faciles event is referred to *as
Jmportant torredognize, however, .that Mf may have been

1nLtiated‘before H1,>and that.the fegional metamorphism of

the area is called M2 because it outlasted and overprinted

contact meﬁamorphic (M1) aasemblagés (Figure 2.5).

- The average plagioclase composition in sheared rocks

is that of albite (near "Angs; Figure 2.4), which is,
compatible with the  greenschist facles mafic mnminerals

preserved In the shear zones. It is inferred from this

that the shear zone assemblages equilibraced during
S - - (4

“~




Figure 2.5 Schematic temperdture vs time graph showing
the N"relacive timing of Hl and M2, as recorded in the
Mirage Islands. M1 represents amphibolite facies
metamorphism, most likely caused by fhe incrﬁ.sion of the
inferxf_’ed pluton, or the" Western Plutonic Complex, . or
both. Peak M1 ﬁetamorphism was followed by regional
greegs;:hist facles \metamo'rphism (M2), which o.verprinted

".amphibolite facies assemblages. M2 may haw;e-begun during

or before M1, as indicated by the dashed 1line.
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.ELZUIQ 2.6 C.ompps'ition “of amphiboles from unsheared
gabbros (dots) and sheared gabbros -(X's) from the Mirage
Islands. Abbreviations: crem‘-hble = tremolitic
‘hornblende, act-hble = actinolitic hornbler_‘\da‘, tscher-hble

= tschermakitic hornblende. Diagranm from Lgaké_, -1978.




tremolite trem-hble

actinolite » *o

act-hble

hornbiende

tscher-hble

taschermakite

forroact-
ferroactinolite

hbie

ferrohornblende

ferrotacher—

hble

ferrotschermaklite ;

7.50

(Na+K),<0.5 Ti<0.5
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greenschist faciegs (M2) metamorphism,

—

dmphibole

Microprobe analyses of amphiboles yieldeﬁ compositions
ranging from ferrotschermakite to actinolite (calculated
after the method of Leake, 1978; Figure 2.6). The former
coexists with andesine, but. the latter occurs in
essociation with both albite and labradorite, making it
difficult to predict the Ca:content of plagioclase from
amphibole composition, ‘and vice wversa. However, the
eXxtent to which che amphibole 1is altered to cﬁiorite
correlates well with the An content of the plagioclgse.
The most calcic plagloclases occur in association with thé

least hydrated amphiboles, and the most sodic plagioclases

oceur {n more chloritic assemblages (see Table 2.2).

Amphibole is rarely ., preserved ih‘che shear =zones,
having been hydrated to chlorite. Howeveg,. local low
strain augen within the shear zones contain hornblendg or
ferrotschermakitic hornblende. As in the unsheared rocks,
the highe;t An contents of plagioclases occur in those
parts of the shear zones that have undergope the least
amount of deformation and hydracioq, anﬂ that céntqin the

largest modal quantities of amphibole.




Zable 2.2 Comparison of the mean anorthite (An) content

of plagloclase with the composition of " co-existing

amphibole, and the :amount of chlorite replacing the.

amphibole. Chlorite content and An composition show a

'good correlation, with the most sodic ©plagiloclase

occurring in the most chloritic assemblages.




<

Lithology An(plag) (ave) Amphibole | % Chlorite
(Sample no.) replacement

CWM-141A Ang) act-hbl 5%
CHM-160A Angy act, act-hbl - 7%
CWM-35A Ansy ' act-hbl, bhbl 11
CWM-142A Ansgg act, act-hbl . 15%
CUM-82 Ansg act, act-hbl - <5%
CWM-127 Anjg fer-tsch <2%
CWM-41A Anyg act 33s
CWM-34A - Anypg act, act-hbl, hbl 21s
CWM-149A Angyg act-hbl, hbl 132
_CWM-83 Angs ' none ‘ 99%
CWM-163A : Angy act-hbl 22%

Data arranged in order of increasing albite content.




Ceothermometry

In this ﬁection, calculations of eqzilibrlum
temperatures are made using mineral  clompositions
determined by ;1croprob; analysis. As Vdiscussed in
Appende A, some ﬁrobe results were found to have fairly
-significant errors, thus only plagioclase analyses with
weight % totals between 98 and 102% wer usad'vln Fhe
following cglculations. Those inside this® range b&t
-outside the range 99 - 101 § are {indicated with an

i

asterisk (*), and’' have larger temperature errors

associated with them.

“

Sﬁear (1980,1981) 1defindd a geothermomccor whth‘ts
based on the distribuéion of Na between plagiocla e and
the A site in amphibole to determine the temporutrrt of
equilibration. At low. Cemperatures ‘albite is stab’ , an?
coexists with an- amphibole apprnnching .tha,;crpmoljpu

end-@emser,'while at highet/tempo:qturéh, the An contenp

of plagioclase incrpasps;ﬁ"and,"edep;ié 'Iq,-the stable

amphibole.
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Spear (1981) used the following mass transfer reaction

to characterize this relationship’

NaAlS130g + CazMgsS51ig093(0H) )

(albite) (tremolite)
NaCaMgs5A41817099(0H) 2 + 45109

(edenite) (quartz)

v
He suggested cthat the equilibration temperature .could

then be calculated using:

»

- 3560.6 - .129#*p .

3.452 - 1nKqg4

where Kig = xNa,A
X_,A*xab

and XNa, A = mole fraction of Na in A site of amphibole
(fdeally 1 in edenite)
X o = mole fracﬁion of vacancy in A site of amphibole
(ideally 0 in tremolite)

Xah = mole frdction of Na in plagioclase,.

An activity coefficient of 1 is assumed here, for

.simplicity.




The exchange reaction:

.

ZNaAlS130g + CazMg3AlaAlS1407,(OH),
(albite) (tschermakite)
2CaAlpSIo0g + NayMg3A1751g075 (OH) 4

(anorthite) (glaucophane)

was proposed by Spear (1980), for which he derfived the

following relationship:

T - 11826.9 - .0604*P

11114 - 1nKp

where Kp = Xp, o1 * XNa M4
XNa,pl * Xca, M4 an

and Xca pl = mole fraction of An in plagioclase
XNa,pl = molg fraction of Ab in plagioclasé
XNa,M4Cam) = mole fraction of Na in M4 site of
amphibole
Xca,ms(am) = mole fraction of Ca in M4 site of

I

amphibole.

For simplicity. ideal mixing between plagioclase




members 1is assunéd.

Both of these reactions have only a ;ery smali
dependence on pressure, and calculations at various
crustal pressures yield temperatures with a range of only
a few degroes.- Calculations using both of these equations
yield similar temperatures (Table 2.3, Figure 2.7), and
the estimated error associated with the determinations is
approximately 50°C for plagioclase analyses with weight &
toﬁais between 99 and 10l%, and 70°C for plagioclases_with
totais between 98 and 99% and 101.and'102%. It is clear
from Table 2.3 and Figure 2.7 that there is a bimodal
distribution of cemperatpr?s outside the shear zones, as

- expected from the bimodal plagioclase compositions. The

mean temperature for M1l {s 585°C, and for M2 is 460°C.

Amphiboles are not commonly preserved in the sheared
gabbros, although they were found locally. Spear’'s (1980;
1981) thermometers yielded an average temperature near
490°C for. sheared assemblages bearing amphibole. Since
tha'mineral.ésieﬁblages in most shear zones consist mainly
of chlori{te + albite + quartz (i.a. lacking amphibole), it
is very likely that the shear zones formed at temperatures

of less than 490°C.




Iable 2.3 Equilibrium temperatures ¢talculated from the
plagioclase-hornblend.e " geothermometers of Spear (1980,
1981) for samples from the Mirage Islands and the Octopus
"Islands.’ The' mean temperature and the standard deviation
of the mean are also presen.ted for each sample.
Temperaturez calculated from ;;lagioclase’ an.alyses with

wt % to'tals between 98-99% and 101-102% are indicated

by * ; the remaining temperatures were calculated from

plagioclases with wt % totals of 99-101s.




7%
Sample no. ‘ Témperatureé M;an 6
Mirage Islands
CWM-34A 524 537 496 509 522 535 515* s16*
520% 489% 489* 493% 514%* 514% s518% 513 13

CWM-35A 608 603 561 573 582 636 631 587

* . 600 610 636 631 587 600 610 604 22
CWM-41a 437 455 446 429 458 451 446 10
CWM-82 588 601 602 598 601 597 595 601 598 4
CUM-126 T 443 448 445 450 481 483 488 449 :

o 454 481% 470* 487* 475% 523% s11* 470 18
CWM-127 589 617 585% 613% 550% s575* o . 588 22
CWM-141A _ 601* s0r* sor* 602* 601* 591* s06*

605* s95* . 599 5
CUM-142A 596 631 . | 613 17
CWM-156 558 563 ‘ T 560 2
CWM-160 .~ 578 589 547 594 569 575 612 624

: 579 630 603 610 594 606 562 611 :

585 592 - . - 592 21
CWM-Y63A 387% 417% 398% 409* 403 11~
Sheared sample ' ' ‘ : .
CUM-142B 444 446% 444% 445 1
CWM-155B 521% 479% 480% 503%* 463* 464* 485 21
Octopus Islands |
CO-22A 501 505 480 483 481 484 S04 507 493 11
co-23a 620 626 638* 644" | . 632 10
* Plagioclase analyses with wt & totals between 98 - 99% and

101 - 1028 (indicated by *) have errors estimated to be
+/- 70°C; totals between 99 - 10l% have errors of +/- 50°C,




Figure 2.7 Histograms shbwing temperatures determined

from plagioclase-hornblende thermnﬁetry (after Spear,
1980, 1981) for unsheared metabasites (upper half) and
sheared metabasites (lower half). Estimated temperatures

outside the shear zones have & bimodal distribucién, and

define two‘the;palievedCSJ Ml, with a mean temperature of
585°C, and HZ,'with a mean,ceﬁperathre of 460°C. - Ml 1is
correlated.with_the Aﬁphibolite facies contact metqmogphgc
éveﬁf* and M2 with the regfoﬁal greenschist facies event:
Insi&e the shear zoneg, méggytemperatures toffespondltp
the M2 thermal év;nt, or are 1n€ermediate betwegn MZtaBd {

M1l.

.




» (9,) eamjeredweol
00s

Kduenbeiy




thmmm

The pressure sensitive assemblage biotite + muscovite

"7 7% chlorite + quartz kPowell and Evans, 1983) is present in _\‘
several Intermediate volcaniclastic rocks. However, the
grain size of these rocks was found to be too small to
obtain precise microprobe analyses frog the micas, and
therefor‘e' this barometer could not be used.

- Mineral assemblages in. the mafic rocks do not contain
an}; known quantitativé barometers. Howevar, a qualitative
estimate of metamorphfc ©pressure has been made using
pressure filelds defined for wvarious amphibole
crompositions, a.s determined by Laird and Albee (1981), and
using a semiquantitalcive g.eochermobaromat':er'calibrated by

1
Plyusnina (1982).

In their study, Laird and Albee (1981) considered a
series of mafit_: schists {interlayered with metapelites.
The "common assemblage™ amphibole + chlorit;.e + epidots +
plagi_oclas. + quartz + ‘ri-pha;é + carbonate + K-mica +/-
Fe3* oxide was ubiq_uit:ous throughout their st'udy area,v
from greenschist to lower amphibolite grade. However, the
composition of the amphibo}e_ac different grades wasvfound

e

to be variable, and the "...varlations in mineral

» v . A
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chemistry can be related to differences 1in metamorpfxtc

“grades...” (Laird and Albes, 1981 page 132).

As a result of the.ir study, Lailrd‘and, :\lbee (1981)
were abie to delineate lo‘;', medium.anc} high pressure
fields on four different, binary plots on the basis of
amphibole compositions. - 7

In ti‘x!.s st:q.iyv,- calcic amphibole analyses were
normalized to 13 cations excluding Ca, Na and K (ufcér
Robi_nson et al., 1982). Various . cation ratios were
calculated, which were then plotted against each other, -
and ﬁhese are superposed on the pressure fields of i‘.‘igure‘
12 of Laird and Albee (1981). All 'fe:u; plots were
designed so that anu increase in temperature is
qualitatively shown as a shift in the positive direction

along the horizontal axis, and a qualitative increase in

pressure corresponds to a shift 1in the positive directicsn

along the vertical axis.

In Figure 2.8a, Na)Na*-Ca is ploct;d against Al/A1+S51.
This 1s independent of the amphibole normalization scheme
used. Amphiboles from the Mirage Islands have a fairly
narrow range in pressure, corr'aspondihg mainly to"th~e
medium pressure fileld of Laird an‘d Albee (1981), with a

few points approaching the low Pressure field. Amphiboles
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which yielded M2 tempérétures have a wider cbmpo;itidhal

range and approach the low preséufe field more closely

fhan the Ml-equilibrated amphiboles‘ (Figure 2.8a).°

Although it may be suggested from this that M2 pressures

"were lower thanm M1l pressures, given the qualitative nature

of' this ba;omeéer, ic 1is prob&bly more reasonable to

simply. infer that the pressure during both metamorphie

The points show & wider horizontal distribuction,

a .

inferring a brgad temperature range,*which 1is compatible

?

events was low to medium,.

‘with‘ the large variation In temperature found wusing

Spear's (1980, 1981) thqrmometeré, although absolute

values-¢can not be attached to temperatures.

1 -

In :ha_other‘chree.dingrams the variables plotted ért'

dependent oh\ ﬁhe amphibole normalization scheme wused.

[

Figures 2.8b and 2.8d indic;teb me?ium to low pressures

compatible with Figure 2.8a, whereas points are .widely

scattered »in Figure 2.8c. If amphibole stoichiometry is
'Y

noémalized to 15 cations excluding Na and K,-the points on

Figure 2.8c all plot within the medium pressure field.

’

.

AN A
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Qualitative estimates of metamorphic preésure

Figure 2.8

using ¢t Qmposition of amphiboles , from the Mirage

Islands. pole stoichiometry normalized to 13 cations

excludihg (- a and X (after Robihson et al., 1982).
: &

Figure 2.8a is independent of amphibole normalizacion.

2.8a 100Na/Na+Ca vs. 100a1/Al+S1. Amphiboles plot in the

areas delineated for low, to medium pressure.

2.8b NaM% vye. A1VI 4 F¢3+ + TL + Cr. Anphiboles plot in
the areas delineated for low to medium pressure. .
2.8¢ A1VI 4 Fe3* 4+ 11 4+ cr vs, Afhl. Amphiboles plotfin

the areas delineated for low, medium and high pressure.
. /
2.,8d NaM4 ys . (Na + KYA, Amphiboles plot in the areas-

délineated for low to medium pressure.

- Pressure flelds were defined by Laird and Albee, 1981.
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Because of the dependencé ‘on amphibole nor_mnliza.c@on
inhereﬁt in Figure 2.8b to 2.8d, only the result; of .
Figure 2.8a are considered reliable. 'The Mirage I.g,?and‘.”

amphiboles have Na/Na+Ca &nd Al/A1+S{ ratios which are the

same as low to medium ptessure-aﬁp’htboles in mafic schlsts

7

wide range of equilibration temperature. - ’

A sémi-quantitative geot}\ermobarom.e't\‘e‘r -was developed

frm‘»Vermont: (Lafrd and Albee, 1981), and suggest a f\airly

by Plyusnina (1982) For the reactlon .

-

hornblende + epidote + Hy0 + CO; - (2.3

~

pla‘gioc':lasle + ¢hlorite + calcite + quartz

,I‘h’i“"'fﬁ‘e"f‘ﬁo"m"e""t:'er/baromecer ‘"was calibrated

experimentally, and 1{s based on the .temperature and
- ]

.
pressure-dependence of Al-}?m‘ncent in .plagioclase and

Ca-amphibole, respectively..

The assemblage amphibole + epidote + plagloclase +

¢ - -, -
chlorite + calcite + quartz .is common 1{n the Mirage

Islands, and the compositions of coexisting '}i{‘ﬁtfalnpuf.rs
are plotted in/ Figure 2.9. Isotherms are defined by the

An content of plagioclase, and isobars are depeadent on
] . - R

B
¥
el
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the total Al content of amphiboléq

¢ N ~

o

1 - Data on plagi';)clrase.a‘nd. amph,ibbl,e comp tions are
selected from unsheared gabbro sémples con;ainihg mineral
assemblagés which appeared to be at or near equilibrium.

:if ., ' The sampies show a concentration of estimates from about ' .
450 to S500°C and 2 to 4 kbar, and another conc;ntration at

w l about 545 to >656°C and 2 to 5 kbar. - These data are
compatible with the M1 and M2 temperatures indicﬁted by
Spear’'s (1986, 1981) thermometers, suggestihg a middle
amphibolite facies’ matamoréhic event and a greenschist
grade event. As was found with ‘the amphibole barometer

< used érewiously, it appears that M1 and ‘MZ pressures
overlapped, bu; that the mean M2 pressure may have been
vslightly lower than that of M1.
. > 3 A limited number of data from sheared sémples
containing amﬁhibole + epldote + plagioclase +'calcite +
N

quarfz, are also available, and they 1indicate similar

. equilibration temperatures andfyﬁressures to their

unshearaed greeﬁschist facies counterparts, with

temperatures ranging from about 480 to S30°C,. and

pressures between 2 to a:kbar (Figure 2.9).

-8,
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Figure 2.9 ©Plot of Cd content of plagioclase vs total\al -
]
in amphibole. \Isobars and ‘isotherms are defined from
experimental studles of Plyusnina (1982). hnsheared

samples (ddts) from the Miragg Islands have a bimodal

distribution, with temperature and pressure ranges of 545

to >650°C and 2 to 5 kbar, and 450 to 500°C and 2 .to &
kbar. Shgaréd samples (X's) overlap with” the lower

temperature and pressure data described above.
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In che”ﬁellowknife Greenstone B&%t, the {ntrusion of’

. y; ) .
the Western Plutornic Complex produced a mid-amphibolite

faciés metamorphic aureole adjacent to ~the bucho{(}h
. i
(Henderson and Brown, 1966; Padghanm,, 1983, Elsewheren

the supractustal rocks bear gfeenschist facles asseﬁglages
as a result of regional metamorphism. Although it 1is

uncertain which thermal event was initiated first ©n the

Mirage 1Islands, regional metamorphism outlasted the
) : i 7 . .

contact metamorphism, as indicated by retrograde mineral

LY

textures. Therefore, the amphibolite - facies conctact

metamorphism has been _called M1, and the regional

greenschist facles metamorphism M2.

i
p 'On the Mirage Islands, th§ thermal source for M1 {s

considered to be the. inferred plutonic body located south

of the West Mifage Islands, - or the Western Plutonic

-

Complex, or both. Temperatures during M1 approached

600°C, and‘pressures were medium to low (2-5.kbar).

During M2 metamorphism, amphiboles in 'the metabasic

r

rocks were hydrated to chlorite, and labradorite was

replaced by -less calcic plagioclasgﬁ r[TemperaCures

generally were less than 500°C, and pressure was probably




lower than during M1 (2-4 kbar).

Metamorphic conditions calculatgd -for a

;amples corréspond to M2 conditions. These

f;aw sheared

samples come

’ . t
from the least sheared and hydrated parts, of the shear

I3

zones, and so’ probably record the highest

N

temperatures preserved in the shear zones.

'f

equilibrium

»
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x'.Oxygen-fs’present in many common®minerals as well as.

in all known hydrothermal fluids. .It has three stable

, . I, = - -
isotopes, 160, 170 and 180, whose ablndanges {n any gilven
. 5 N ) -

Phase are a function of the environment in which the phase
formed - (Faure, 1977). 160 and 18 respectively ﬁnke up

approximately. 99.756% .and” 0.205% of the oxygen in the
: ' ) . .

earth’'s crust, and the fractionation of these two isotopes

-

‘between minerals ‘is dependent on témpeﬁacyre (ibid.).

Th@s'thb measurement of the dfygen isotopic compostition of
a rock and’ its constituent minerals, when ‘coupled with
geélogical“éaca, can be a useful tool in decafminingvhoth'
the temperature at w@icﬂ the ph;ses equLlibrated,}nd t£e»

v

‘environmenc in which equilib}ation occurred.

"In this. chapter, isotopic data on mineral separates

from sheared samples and on whole rock poﬁders from

sheared and unsheared rocks are examineg. The

.distribution of fao between chlorite and quartz from -
within 13 shear zones is usbd'tQ estimate the equilibrium
temperature and the 6180 content of the associated
hydrothermal fluid. Whole rock 6180 values of unsheared

rocks are compared to their sheared counterparts in order .




93

to determine possible -s_ources of the hydrating fluids.
'Oxy'gqn and carboh {sotope analyses were also carried
oucrovnh nine carbonate-bearing sheared samples, including
8ix whole rock powders and three carbonate mineral
separates. It was hoped that .the results of the latter

analyses would yield information on the source of the

i
carbon in the shear zones bearing carbonate veins.

i
o

Sample Selection

Samples selected for oxygen 1sotope thermometry were
those which _ showed textural equilibrium between the .
chlorite and the quartz. The quartz occurs in thin_" (0.5

to 2 cm) veins which are subparallel to the schistosity

<

defined by tha chlorite, and wvhich anastomose along thelir
length. In a few shear zones;, c;rbona'te (anrkerite and/or
Fe-doio;nita) veinlets transect the quartz velins at low to
moderats angles (10 to 509), and are interpreted to
post-date the equilibration of the quartz-chlorite pairs.
'Tho> oxygen 1isotope compositions of the c?i:’bo.nate from
th.ree such v.elns were analyzed in order to see whether 184

re-equilibrated during the emplacement of these later

ve {ns.




Thirteen quartz-.chlvo'rite pairs - 11 from the Mirage
Islands and 2 from the - -Octopus Islands - as well as 24
whole rock powder.s ;Jere analyzed. The mineral separn\res
i_rere crushed and hand-pihcked, then tested fo.r puricy by
X-ray diffraction. Mg‘nqr carbonate was optically
identifijed in some of the whole rock samples. Thes e

samples were treatad with HCl to remove the carbonata.

Isotope analyses were carried out by Dr. Fred" Longstaffe

at the University of Alberta. The data are presented in

Appendix B. Oxygen results are reported as 6180 relattve

to standard mean ocean water (SMOW), and are expressed {n

% (per mil) of total oxygen (Hoefs, 1973). The standard

used for carbon isotopes was bellemnitella americana from

the Cretaceous Peedee Formation in South Carolina, (PDBR),
1 3

and is also reported i{n (ibid.) . The results are

—
~

precise to about 0.2%, .

r

’
™

Ihermometry

The relationship between the fractionation factor of
an isotope between two minerals and temperature {s giwen

as:

-




A
(3.1) 10001n «
T2
(Taylor and Epstein, 1962; and

and Taylor, 1967)

fractionation factor
temperature
constants, dependent on the mindrals

being considered.

Faure (1977) has shown that for most values of «,

10001lnx is approximately equal to 51801 - 51802,0where 1

and 2 represent two minerals between which 180 has

equilibraced.

Thus the following relacionship between Asleoq-ch and
temperature was used:
v
agt®og.cn - 2.01 (108%7°2) + 1.99

(Wenner and Taylor, 1971)

where T = equilibrium temperature (°K),
[
Aslaoq_ch - difference in 180 between quartz

and chlorite (% ).




Equation 3.2 was calibrated for the Al-absent end

member of chlorite (serpentine) (Weaner and Taylo:,
1971) . It has been shown by Mathews gt gl (1983), and
;\ggarwal and Longstaffe (1987), how.ever, that the
chemistry of a mineral can affect the extent to which it
fractionates oxygen. Therefore the mineral composition
must be considered in determining its equilibration
temperature. For example, at 550°C, the substitution of
one Al into the tetrahedral site of a silicate mineral
could decrease 1its equilibrium 5180 content by 1.6%.
(Mathews et al.,, 1983). The same substitution {into the
octahedral site could increase the 6180 content by 1.S53%,

(ibid.).

Microprobe analyses of chlorites (Appendix A) ‘from
shear zones in the Hifag- Islands reveal that Al comprises
about 2.56 tetrahedral sites, and 2.65 octahedral sites.
Calculating the net effect of these substitutions, it 15
likely that Al-absent chlorite would contain approximately
0.3% less 180 than the Al-bc;aring chlorites in ¢this
study. i N

Hicx:oprobe analyses of chlorites (Appendix A)
typically yielded ‘Height & totals between 84 and 88,
Those with totals near 88% seem to be reasonable chlorite

analyses, while those with lower totals-' (84-85%) Appear to
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have low 5102 contents. I1f the main source of error in
“these analyses resufts from poor silica determinations,
and the 51092 contents of the chlorites 1s increased so
that' the welght % of all oxides is 88%, then the extra
silica would displace some of the Al from the tetrahedral
site. Therefore the magnitude of the deérease 1in sl8o
content due to te;trahedral A_l would be smaller, and the
magnitude of the increase 1in §180 content due to

octahedral Al would be greater. I-

The net effect of an increased silica content was
calculated for one\ chlorite analysis. Previously t};e
silica oc'cupied 5.5 ~tetrahedral sites, but upon
nofmalizing the total oxides to 88% anhydrous, silica
occupied 5.6 tetrahedral sites, leaving 2.4 sites for Al
in ctetrhedral coordination, and requiring that the
oct?hedral site accomodate 2.8 Al atoms per unit cell.
Using cthis dlsr_ributlon of Al to calculate the effect on

the 5180 content of the chlorite, it was estimated that

Al-absent chlorite would contain about O.4% more 180 than

thea measured 5180 value. Before normalization, the Al

distributivon for the same chlorite analysis predicted that
Al -absent chlorite would contain about O.3% less 180
It is uncertalin how reliable the measurment of silica

in chlorite 1is (see discussion In Appendix A), therefore
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calculating the magnitude of Al substitution {nto the
silica site, and hence the net effect of Al dtstrlbﬁrion
on the equilibrium 8180 composition of the chlorite, is

not meaningful.

In Table 3.1 the ‘equilibrium tamperatures calculated

for quartz-chlorite pairs (data in Appendix B; sample
calculation 1In Appendix C) in the 3Jhear zones are
Presented. The chlorite composition used was that of the
Al-absent Fe/Mg chlorite. For the first shear zone
Presented (CWM-41C), two additional camgetaCuteu were
-
calculated;rthose of the chlorite with fts 8180 content
reduced by 0.3% , and increased by 0.4%, (accounting for
the possible effects of different proportions of Al 1n.che
tetrahedral and octahedral sites) The error range defined

for these three temperatures oﬁ%rlap. . Sample calculations

are presented in Appendix C.

The equilibrium temperature ;E 184 in the
quartz-chlorite pairs. was found to vary between 350°C and
620°C (Table 3.1 and Figure 3.1). Figure 3.1 shows that
the temperatures are distributed into two distinct
populations. This disti;ction i3 made only on the basis
" of 18g fractionation, since petrographically the chlorite

and quartg appear Iindistinguishable between the two sample

sets. The mpsrature ranges of the M1 and M2 metamorphic




Figure 3.1 Histogram of temperature determinati®ns from

oxygen isotope fractionation between quartz and chlorite

from shear zones on the Mirage and Octopus Islands. The

temperatures have a bimodal distribution, with means of

590°C and 420°C,




Frequenty

&N

Octopus Islands

[ ' ' ' . ' lb\)\ ' ' 1

350 380 - 410 440 470 500 530 560% N0 620 650

Temperature (°C) from oxygen Isotope thermometry

\

-1

oor




©

~

Tauble 3.1 Temperatures calculated from oxygen isotope 4
fractionation between quartz and chlorite In shear =zones

from the Mirage Islands. and Octopus Islands.
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Results of Oxygen Isotope Thermometry

Sample . . Temperature (°C)

CWM-41C
CUM-41Cc*
cwu-41cf*-—
ATVM-138
CWM-142E
CWM-143B
CWM-145B
CUM-146B
CWM-147B
CWM-154C
CWUM-160C
CUM-163
CWM-164C

Qctopus Island Samples:
co0-22C 430 +/- 30
©0-23C . 441 +/- 30

~

. . N ‘
# 5180 cotent of chlorite reduced by 0.3% to approximate pure
Al-absent chlorite (see discussion in taxt).

*+ 6180 content of chlorite increased by 0.4% to approximate
pure Al-absent chlorite with an  increased silica content (see
discussion f{n text).
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events (as determined by geothermobarometry) are also
fncluded” in Figure 3.1, and it can be seen that while .
few of the shear zones have isotope ffactioﬁs
corresponding to Ml temperatures, most shear zones
equilibrated at temperatures cor?esponding to M2.

) ’ —_

The four shéar zones which equilibrated at
tempetatures‘corresponding to M1 have a mean of 590° +/-
$5°C. Although this temperature lies above that normally
conlidere% stable for chlorite, Fleming and Fawcett (1976)
have shown experimentally that quartz can coexist stably
withVSOt Fe/Fe+Mg chlorite st tempefatures up to 590°¢C ’and
2 kbar Pyso, above which they break down to ewordierite +
talc + vapor. Furthermore, Aggarwal and Longgtaffe (1987)
report equilibfium temperatures as hiéh as 588°C from
oxygen isétope fractionation between quartz and
"relatively 1ron rich" '‘chlorite (1ibid.). Outside the o
shear zones, M1 assemblagés are characterized by amphibole
and a lack of chlorite. However, Iinside the shear zones,
the presence of abundant hydrothermal fluids (;ee Chapter

)
5 for fluid:rock ratios) appears to have stabilized the
‘ -

more hydrous assemblage.

There does not appear to be a systematic variation in
4

iron:magnesium ratios between the two populations of |

chlorites. Stol _hiometric Fe:Mg ratios are between 1.13
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and 1.34 in high temperature chlorites, and range from
0.60 to 1.30, with most near 1.0, in the low temperature
chlorites (see Appendix A). Si09 occupancies are batween

5.3 and 5.6 tetréhedral sicei in the high temperature
chlorites, and from 5.4 to 5.9 sites in  the low
temperature clorites, but given the potential errors fin
the silica determinations in\ these analyses, the
apparen?ly greate£ silica contents of the low temperature
chlorites may not be "real".

!

Since the bimodal temperature distrib;tion of the
shear zones calculated by 18O partitioning between quart:
and chlorite matches the temperature ranges for M1l and M2
from geothermometry, 1t s proposed that éhe high

temperature shear zones equilibrated during M1, and the

low temperature shear zones during M2.

.

Figure 3.2 deplcts the relatlionship betweern

temperature and 180 of quartz veins from within the shear

zones from the Mirafe Islands and Octopus Islands,p and
compares them to the range of data from the gold-bearing
shear zones at ?ﬁllowknife (after Kerrich, 1981). The twn

samples from the Octdpus Islands hava 184 compositions

between +11.2 and +11.3% , which colncides with the range-

of quartz vein 80 values found at Yellowknife (i{btd.)




Figure 3.2 Graph of isotoplc composition of éuartz veins
vs., shear Zone témpérature (from oxygen lsotope
thermomectry) fof shear zones on the Mirage IsTands,
Octopus Islands, and near Yellowknife. Yellowknife data

from Kerrich (1981).
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Mirage Island quartz veins have 5180 contents _bétweeﬁ +8.6

and +9.6% which lie outside of this range.

The M2-equiflibrated shear zones on the Mirage Islands
have estimated temperatures which are covincidencwwith

those estimated fer the shear zones on the Octopus Islands

Y

and at Yellowknife, 1mb1y1ng that on a regional scale, the
shear zones 1in the greenstone belt equilibrated dﬁrink
greenschist facles metamorphism. However, the 1sotopic

compositions of the quartz velins from the Mirage Islands

are distinctly different from those on the Octopus Islands

<

and at Yellowknife.

RPN ¥
The rocks which host the shear zones on the Octopus

."I‘slands and near Yellowknife are dominantly basalts &nd

’ga'bbros (Henc{a:rs;n and Brown, 1966; Helmstaedt et al,.,
198).; }é‘gm;taedt; and Padgham, 198__?),‘ whereas the
'predominant lithology on the Mirage Islands 1s more felsic
in compoesition, and felsic rocks ﬁave a greater capacity
to concentrate 18p tﬁa(n ’maficr roé:ks (Taylor and Epstein,
1962). 1If it is assuﬁed that the shear 7@{195 equiiibrated
during regional greenschist facles metamorphism (with the
e.xception of the fo‘txr high temperature Mirage Island shear

zones) , then {t is likely that the fluids present in the

shear =zones. during their alteration were derived from

-
s

3
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dehydration reactions accompanyling gnecamori)hism.
Metamorphic fluids generated in and interacting with matic
rocks (such as at Yellowknife) would tend to have a highet
180, content cthan fluids derived from a more felst(lc
sox;fcé, where 130 would fractionate from the fluid into
the siliceous host rock. Quartz veins precipitaced fro’m o
relatively 18O-depleted fluid would have lower 18,
contents than veins precipitated from an 180-rich fluid.
Thus the differences in the oxygen isotopic compositions
of quartz veins hosted in shear zones on the erage‘
Islands, the Octopus Islands, and near Yellowknife -do not
necessarily imply a different fluld source, but may be a

function of the chemistry of the host rocks.

It 1s possible to calculate the oxygen lsotoplc
composition of the hydrothermal fluid which deposited the
quartz veins, given an independent geothermometer. In

N .

Chapter 2, the equilibrium temperatures in two shear zones

were calculated based on 'the plagioclase - hornblende
thermometers of Spear (1980, .1981). However, the sghear
zones Iin which assemblages wich plagioclase .and amphibole
are preserved are those which have not undergone extensive
hydration, whereas the shear zones for which oxygen
lsotope fractionation has been measured have been exposed

to high fluid:rock ratios, as evidenced by the presence nf

quartz velns and the absence of amphibole. Therefore the

Y




o

temperature determined for plagioclase plus amphibole-
bearing shear zones cannot be expected to yield reasonable
fluid compositions for quartz plus chlorite - bearing

shear zones.

Although it would be circular reasoning to use the

temperatures .,determined from 1isotope thermometry to

calculate the {isotopic compositign of cthe h)!droth'ermal

fluids, it 1is possible to estimate the range o,f fluid
compositions that might be expected over the temperature

limits calculated. K

The 1isotopiec composition of a fluid {n equilibrium
with quartz at a given temperature T (°K) can be estimated

a5t80q.y = 3.38¢106 * T:2) . 2 90
(Frledman and O'Neil, 1977 after

Clayton et _al., 1972)
vhere g.\.slaoq_w - the difference in 580 between

quartz and water,

From Figure 3.2 {t 1is clear that the quartz veins~ in
the Mirage 1Island shear zones have a fairly uniform

isotepic composition, with st8p rhnging from +8.6 to

%

+9.6%, . The Ml-equilibrated shear zones have equilibrium
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temperatures ranging from 574 to 620°C, and M2 shear zone
temperatures vary between 352 and 476°C. From aquatim:
3.3, the expected r'ange of §180 for a fluid {n equilibrium

-with quartz over the range of Ml temperatures (s betweun
+6.7 and +8.3%, . That of a fluid at M2 temperatures s
between™+2.8 and +6.5%, . Given the accumulated errors

inherent in this’ calculation, it 1is possible that the

range of fluld compositions for M1 and M2 shear zones

v
actually overlap; however, the predicted 6180 contents of

the high temperature shear zones are consistently greater
than those of the low temperature shear z‘gnes.

N

—

‘ In Chapter 2 it was suggasted that the thermal source
for the amphibolite facies (M1) metamorphism was a pluton
inferred to lle south of the West Mirage Islands, and/or
che‘ Western Plutonic Complex. If. the estimated range of
the fluid composition in the M1 shear zones (+6.7 to

+8.3% ) 1s correct, then. these fluids overlap with rthe
5180 content of lgneous fluids (+6 to +10%. , Taylor, 1967).
Therefore fluids in che high tomperatt;re shear zones
appear to be compatible with a magmatic source. Hovever,
a metamorphic source for Ml flulds cannot be ruled out:,' as
the 6180 range for metamorphic fluids (+5 to +25%. ,

Taylor, 1967) also coincides with the fluid composition

estimated for Ml shear zones.
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Fluids in the M2-equilibrated shear zones have 5180
contents estimated to ‘lie between +2.8 and +6.5%, . This
is slightly below the range of 5180 generally expected for
metamorphic fluids (+5 to +25%, , Taylor, 1967), but as
described above, 1n£etaction of the fluid an@ wallrock as

the fluids ascend and cool in the shear zone could have

resulced in 180-deploced fluids.

Alternatively, the 6180 range of meteoric fluids
varlies from O to < -508 (Taylor, 1967). If descending
meteoric waters were to have come into contact with an
isotopically heavier metamorphic (or igneous) fluid Iin the
shear zones, the resultant .mixcure would have an
intermediate isotoplc composition, perhaps in the range of

that found for the M2 shear %ones.

The results of mapping {Iin the West Mirage Islands
(discussed In Chapter 1) were int;tpreted to indicate that
all of the shear zones formed more or less synchronously.
Since some shear zones h#ve equilibrium temperatures
corresponding to M1, it follows that the initial shearing

event jmust have accompanied plutonism.. It 1is suggested

here t the shear zones were produced during M1l in the

presence (of flulds which accompanied plutonism hnd/or

facies metamorphism. Regional greenschist

facies

tamorphism followed - or accompanied and’
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outlasted - M1, during which the shear zones acted as
conduits for M2-derived metamorph}‘g, ‘fl;luids, and possiblyv
for meteoric fluids as well. Most of the shesar zones re-
equilibrated during M2, and early (syn-M1) isotopic
slignatures have been overprinted, but a few shear zones
have retained isotope .fractions indi{cative of M1

temperatures.

The resultcs of analyses ‘for ISOSMOW and 13CPDB in
carbonate-bearing samples are presc;nted {n Appendix C. In
two samples (CWM-151C and 6€WM-166C), 180 valuesof +23 63
and +27.6% resemble those of marine carbonate
(Longstaffe, personal communication, 1987). Oxygen Iin the
remalning samples analyzed raﬁges in 180 from +7.8 to
+9.7% . As noted earlier {n this chapter, carbonate
veinlets crosscut and post-date quartz velins, . énd_ 184
values of carbonates indicate that 180 1in the carbonate-
minerals did not equilibrate with that in the quartz or
chloritae. Furthermore, tempefature calculations using a
quartz-calcite pair and a chlorite-calcicte palr yielded
negative values of T2 (see Appendix C), conflrming that

the carbonate veinlets are 1in disequilibrium with the

quartz and chlorite.
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Since the precipitation of the carbonate veinlets
postdated that of the quartz veins, it 1s reasonable to
assume that the temperature at which they formed was less

than 350°C, which {s the lowest temperature calculated for

quartz-chlorite equilibration.¢j> If the ~carbonate 1s

assumed to have precipitated at a temperature between 250
and 350°C, the §l180 of the hydrothermal fluid from which

it "was deposited may be estimated using the following

relationship:

2.78 * 106
(3.4)  o8t80,o.y - -2.89
\ 2
(Friedman and 0’'Neil, 1977)
whereMﬂsocc_w - the difference in 5180
between calcite and water (% )

T = temperature {(°K) !

For <carbonate with 8180 - +8% , the {isotopic
composition of the equilibrium fluid would lie betwaen O
and +41%,. for this temperature range. Tgis fluid
composition {s intermediate between that of meteoric water
(-50 < 8180 < 0. ; Taylor, 1967) and one from a
metemorphxi (+5 <« 5180 < +25%. ; 1ibid.) or igneous (+6 <
80 < +10w, ; ibid.) soutce, and suggests that the fluids,
present in the shear 2zones In the late stages of shear

zone alteration may have consisted of meteoric fluids
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r
mixed with metamorphic and/or magmatic fluids.

Carbon 1sotope values from hydrothermal carbonate
minerals found Iin the shear zones range from 13¢ - -I.‘).O
to +9.0% , with most values lying between -4 and -3% . In
comparison, Fyon et agl. (1983) found ‘carbon isotope
compositions of hydrothermal ca‘rbonateé in 14 deposits
near Timmins, Ontario to range from -5.9 to O% , with a
mean 13Cppp near -3.4% . The hydrothermal fluids which
deposited the carbonates had an estimatad ' fluld
composition of 13¢ = -4 to -2% (Colvine et al., 1984).
Hoefs (1980) 'showed that 13¢ of magmatic COz‘liesthetween
about -7 and -3% , and thus Colvine et a} (1984) argue

y.
for a magmatic fluld source for theses carbonates.

Because the carbon isotope composition of hydrothermal
minerals 1is dependent not only on the 13C content of the
fluid, but also on the fl-uid's ter‘nperacur.:e, pH and oxygen
fugacity, {t {is not possible to determine the carbon
1sotope composition of the fluids from the Mirage Island
shear zones. It should be noted however, that the 3¢

contents of vein carbonates in this study most closely

resemble those typically associated with magmatic flulds.




The whole rock oxygen {sotope values of 10 sheared and
10 uquheared samples are given in Table 3.2. Unsheared
mafic roks (gabbros and‘gasaltg) from the Mirage Isla%ds
have 6180 contents between +5.2 and +5.8% , and record an
increase_1in 5180 into the shear zones by as much as
2.8%, . Sheared metgbasites range 15 5130 from +5.4 to
+8.4%, . Unsheared felsic to intermediate samples analyzed

range from +7.9 to + 8.6% .1in §180. Thefr sheared

counterparts are slightly depleted in 180, ranging from

+5.7 to "'7.8‘. .

The whole rock §l8o values of the unsheared Mirage
Island samples were found to lie near the 18O-poor end of
the usual rangeq for their unaltered {igneous protoliths

(Figure 3.3) as defined by Faure, 1977,

Four metabasite samples were analyzed from the Octopus
Islands, The two-unsheared sFmples contain .more 180 than
the unsheared Mirage Island samples. One of them (C0-224)
is anomalously c:tiched in 180 (9.1% ). Such high valuas
arg usually assoclat?d with oxygen exchange between basalt
and seawater following deposition at active submarine

volcanic centres (Mhehlenbachs and Clayton, 1976). The

v N




' 116

sheared equivalent of this rock has 8180 of 8.8%. ., and

. thus records a small depletion in 1LB8g, The second
unsheared Octopus Island sample (CO0-23A) lies within the
igneous §180 range reported by Faure (1977) for frpsh
gabbro, and shows an increase in 5180 from 6.1 to 6.7% -

into the shear zone.

With the excebtion of shear zone CO-22 whose protolith
{s anomalously rich in 180, all of (the shear zones hosted
in mafic rocks record an enrichment in 18p compared to
thelir unsheared protoliths. This trend is interpreted to
indicate that 1;0:op1c exchange took place between the &
sheared rock and the hydrating fluids, which cooled wich
time and became \krogressively depleted in 180 as che
hydration reactions progressed, Hydrothermal fluids in
the shear zones are estimated to have had §.80 contents of
+2.8 to +8.3%,. The variable extent~qf'180 enrichment 1in
the 1individual shear zones 4s believed to reflect the
different degrees of hydratlon'wichin them (see Chapter 6,
Reaccign Progre;-). —and the different temperatures of

-

equilibration., .

Kerrich (188l) found that undeformed basalts of the

r

Kam Group near Yellowknife have §180 values of +7 to

7.5% . He.attributed these high values to interactlon




ELguxgl 3.3 Whole rock oxygen 1sotope cémpositions of

typlical wunaltered mafic and felsi{c {gneous rocks (after

-

Faure, 1977). The 184 compositions of unsheared samples

from the Mirage islands (dots) and Octopus Islands (X's)
are superposed on the diagram, and they generally plot
within the range of their unmetamorphosed equivalents,
The range of 189 compositions of unsheared basalts from
the Yellowknife area (after Kerriéh, 1981) are also

plottred.




L
] i i | | { 1 { 1 i I 1 1
' f Octopus |slands X
L]
Mirage Islands -
Unaltered Gabbro, Basalt R : ' ~
Range of Yellowknife samples
: / Kerrich, 1981) '
Gabbro, Basalt, this study —— x : ‘
\V.
13
Unatltered Granitic Rocks - b -
Felsic to Intermadate - ‘
Voicanidaslics and Granitoids, - e . |
this study ‘ ?
e
| 1 1 i i ! 1 1 1 1 i ] 1 .
- ]

+5 +6 +7 - +8 +9 +10 +14 +12

o

Whole Rock 5180 e

a1l




119

with seawater following extrusion, Sheared mafic schists
of the Kam Group show eveﬁ greater enrichment in 180, with
values near +12% , and the hydr;us fluids in these shear
zones wer; estlma;ed to hava had 5180 values between +7

and +9% (Kerrich, i{bid.).

Tﬁg meanlinctgase of 180 {n Yellowknife shear zones 1is
near 5% , while the increase in the Mirage ‘Island shear
zones has a mean of about 1% (Table 3.2). Only two sh;;r
zones wexe analyzed from the Octopus 7Tslands, and one

unsheared sample! was anomalously rich {in 183, thus no

meaningful estimate of the mean>change in 80 content for

o

these islands was possible. The graacer_lao eﬂn{Ehmenc in

.

shear zones near Yellowknife is likely a result of larger
fluid:rock ratios there, which are estimated to be an
order of magnitude greater than those for the Mirage
Islaqu (see Chapter 5 for fluild:rock ratios for the

Mirage Islands).

The two sliear zones cutting tuffaceous sediments {(Unit
2) record unexpectsd results (Table 3.2). The unsheared
samples have EEBO compositions corresponding to unaltered
felslc to' intermediate {igneous rocks (Flgﬁre»4.3h~ but
there {s a .small decrease in 5180 into the shear zones.
Assuming that the conditions in these two shear zones were

similar to those elsewhere, a greater enrichment of 18, in




Table 3.2 Comparison of the whole rock

a

compositions of

respect Lo SMOW)

Islands.

“ o IQO - 1sosheared

It

oxygen Llsotope

unsheared and sheared samples (with

for eight shear zones from/ the Mirage

. 18,

unsheared:




oleroc t ue

Sample Rock type §18¢ 5189 a518g
(unsheared) (sheared) (for shear zone)

MMLE_&&M

CWM-34A,B gabbro  45.5 +6.5 +1.0
CWUM-35A,R gabbro +5.4 +5.7 +0.3
CWM-145A,B gabbro ' +5.6 +8 .4 +2.8
CWM-1459A,B gabbro +5.4 +6.2 +0.8
CWM-154A,B mafic flow +5.3° “~"45 4 +0.1
CWM-160A,B gabbro +5.2 +6.5 +1.2
CWM-155A,B felsic +8.6 +5.,7 -2.9
volcaniclastie . -
CWM-162A,B Intermediate +7.9 +7.8 -0.1

volcaniclastie

11




122
the felsic shear zones than the nafic shear zones would
intuitively have been expected, as feolsic minerals have au
greater tendency to concentrate heavy oxygen (Taylor and
Epstelin, 1962). Two possible explanationrs for this
aﬁomaly are suggested here: 1) 1f these two shear zones
equiiibrated at very high temperatures, (temperature data
are not available), then 18O could have fractionated into.
the fluid phase, thus accounting for the 189 depletion i1
the sheared rock; or 2) {f fluids in these two shear zones
were descending and heating (such as would occur 1If

meteoric water contributed to shear zone alteration) then

the fluid could have becone enriched in !80 at rthe expense

of the altered rock.

gouglusiong

Hydrating fluids in thHe shaar zones were at least in

part basic, and appear to lie in two distinct populations:

l. high-temperature fluids estimated to have plen
contents between +6.7 and +8.3%, » which are interpreted to
have been {ntroduced 1into the shear zones during M1
metamorphism, and which were derived from either igneous
flulds circulating about a crystallizing intrusive body,
or from M1 metamorphic reactions likely resulting from

heat imposed by the batholith, or both;




2. lower temperature, isotopically lighte.r (in the
range of +2.8 to +6.5% 180) fluids believed to hav_e been
produced during M2 metamorphism -~ from dehydration
reactions, which subsequently reacted extensive&y with
the wallrock, and became depleted in 18O, or %re mixed

\

with meteoric fluids, or both.

With the exception of sample CO-22A, the 180 content
of the unsheared rocks does not appear ¢to have been
affected by sea water alteration or metamorphism. Most of

the shear zones show an enrichment 1in 18O relétive to

theifr unsheared protoliths, with the extent of enrichment
[4

being inversely proportional to the temperature of the

fluid.

The variable extent of hydration between different
shear zones, the possibility of 1isotopic exchange after
peak metamorphism, and the 1lilkelihood of bcth the
temperature and the 180 content of the fluilds varying
with cime all probably contributed* to the range of
temperature, 180fluidv and whole rock 180 values within

and outside of the shear zones.

Hydrothermal fluids in equilibrium with late cross-
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cutting carbonate veinléts were es‘timat:ed ‘to have 51_80
contents between albout 0 and.4% , based on formatiou
temperatures betwoe‘t\i 250 and 350°C. From this {t {.
inferred that during the lats stages of shear znnv.:
alteration, meteoric vaters were mixed with efther
magmatic or metamorphfc fluids (or possibly both). Carbor

»
isotope data favour an interpretation involving a magmatic
N : ’

fluid source. \
Jd
I
A -




CHAPTER 1",. FLUID INCILUSTON ANALYSES

Fluids trapped during the precipitation of vein
minerals are ;‘elics of the hydrothermal fluid present
during vein formation. An examination of fluid inclusions‘
can therefore yield information about the composition of

the hydrothermal f£fluid and the physi;:al conditions under

which the Iinclusion-bearing mineral was deposited.

Most fluid inclusions are made up of a liquid and a
vapour phase at room temperature. Since the presence of
different species in solution depresses the freezing point

of a fluid by different amounts, a measure of the eutectic

point of the fluid will allow qualitative identification

of the species dissolvegi in the fluid. The salinity of
the fluid may be estimated as "an equivalent weight percent
NaCl, based on the melting. temperature of ice in a liquid
+‘vapou1:__1nclusion. Some inclusions contain one or more
crystal_'phases?as well as 1liquid and vapour at 25°C.
Usually the crystals are a chloride species (halite or
sylvite), and can be distinguished optically. Salinity

estimates of these [nclusions can be made ‘from their
b d

solution temperatures,




Fluid 1{inclusfons can be heated to determine the
temperature at which the liquid and vapour (and solfd)
phasésmhomogenize. Since it is assumed cha; the fluid was
trapped as a.su.percritical (one phase) fluid, (Burrus,
1981), the homogenization _temperature represents l the
minimum trapping temperature. If an independent estimate
of pressure can be/l made, the trapping temperature ‘may bhe
calculated (Roedder, léga). Conversely, gElven an
independent estimate of temperature, the pressure of

~

entrapment can be calculated. N

Homogenization temperatures can be detert;llned for al
generations of inclusions in a given vein, although
generally pressure-temperature work 1Is restricted to
primary inclusions, which are those inclusions trapped at .
the time of vein formation.

Sel‘ected samples of quartz véins from within shear

zones from the Mirage Islands and Octopus Islands were

examined for the presence of fluid inclusions, Analyses

- #
res in the 4inclusions with the

of inclusions were ca'iied out to compare the minimun

fluid trapping tempera
equilibrium temperatures determined by oxygen 1isotope

thermometry and plagioclase-hornblende thermometry.
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Fluid inclu:ions: were analyzed using a petrographic
microscope equipped with a Fluid Inc. heating/freezing
stage. The minimum size of inclusion analyzed was about
10 pm, although freezing and melting phenomena are more
eﬁsily obsefved in larger inclysions. Condensation on the
objective lens during heating from low temperatures (less
than -60°C) occasionally prevented observation of melting
temperacures.

_ ”

Inclusions chosen for analysis were those which
texturally appeared to be of possible primavy'origin.
Some of the criteria which are useg to identify primary
inclusions are the presence of isolated, single inclusions
with equant shapes and diameters greiter than adjacent
(sacondary) inclusions,'which are randomly distributed in
all three dimensions (Roedder, 1984). Because of the
planar nature of the samples, determination of the
inclu;ions' distribution 1in the third dimension was
limited by the sample cthickness. Low homogenization

temperatures of many of the inclusions suggest that they

are in fact secon&ary in origin.

The vein quartz 1is coarse-grained (3-4mm), with




slightly wundulose extinction. Subgrains and finely

recrystallized grains are uncommon. Inclusfons from

strained or recrystallized areas were not exaleed, since

leakage may occur from inclusions in strained gralus

(Roedder, 1984),

Temperatures measured were found to be reproducibhle tn
within about 3 - 4°C. Errors in temperature readings have
been calibrated for true values betwsen 60 and 260°C, and
extrapolated above 260°C; and from 0 to -B80°cC
(C. Saunders, oral communication, 1987). Between O and

60°C errors are less than aboutr 1°C, and so have been

ignored. The following linear regression equation was

used for temperatures greater than 60°C:

N

T = 3.279 + 0.967*Tpagas, for T>60°C. (4.1)

;(C.'Saunders, oral communication,1987)

I

‘
-

Measurement errors on the thermometar have been
] .
estimated to be between +/- 1 and +/- 10°C, depending on

the rate at which the temperature was Increasihg or

decreasing,




Data on freezing, melting and homogenization
temperatures of 118 fluid finclusions are presented 1;
Table 4.1. Homogenization temperatures of the inclusions
rangé\from neaf 12 to 415°C (see Figure 4.1), with a mean
in most shear zones between 100 and 200°C, This
temperature range suggests that most of the inclusions
examined were not primary, but were trapped ﬁuring cooling
of the quartz wveins:< 0f the thirteen quartz velins
sexamined from different shear zones, eight have at least
some inclusions with homogenization temperatures ;f 300°¢c
or more (Figure 4.1). Assuming that the compositions of
these high temperature inclusions have not changed since
they were 1intially trapped (e.g. by, leaking during
subsequent straining of the quartz), the homogenization
teﬁgeratures represent the minimum trapping temperatures.
Based on this assumption, the eight samples bearing
inclusions with high homogenization temperatures (>300°C),
‘are interpreted to have been trapped at temperatures

approaching the equilibrium temperatures In the shear

Zones, Although these inclusions may not be primary in

origin, they are the oldest inclusions present, and. thus

they can be wused to estimate the minimun pressure

conditions Iin the shear zones following shear zone




[able 4.1 Comparison of the homogenization temperatures,
eutectic temperatures and melting temperatures measured on
.fluid inclusions in quartz veins from shear zones on the .
Mirage Islands (CWM- samples) and Octopus 1Islands (CO-
samples). The salinity (expressed as an equivalent wt %

NaCl) may be estimated from the melting temperature of {ce

in 1iquid + ~wvapour 1incluslons, and from the solution

temperature of liquid + vapour + solid inclusions, and the
species present in the fluid along with HoO may be

ldentified using the eutectic temperature of the fluid,.

Abbreviations used: Ty = homogenization temperature, f;u -

eutectic temperature, T, = melting temperature.

]
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A
Sample No. Ty Teu Tm sali{nicy composition¥
’ (°c) (°c) (°c) (wt aCl) (+H20)
CWM-41cC 87 -52.8 -22 24 NaCl+CaCl?
" 34.8 -52 <22 24° "
" 111 -52.8 -23 24.5 "
n 120 -53 -22.3 "« 24 "
" 35.6 -22.7 . CO2+/-H2S
’ . +/-502
" 200 -57.4 -30.1 27 NaCl+CaCl2
+MgCl2
" 240 -58.7 212 28 halite
n 204 : )
* " 207 .
" 183 -46.8 -21.5 23.8 NaCl+KC1l
— +MgCl2
CWuM-138 -42.1 -23.9 25 NaCl+KC1 -
+MgCl2
" 174 -59.4 ;17 20.4 . NaCl+CacCl2
o +MgC12
" 189 -59.8 -16.4 20 "
" 200 . «59.3 -14.3 17 "
" 204 ~59.6 -13.4 16.5 "
‘ " 131 -63.4 -31.2 27.5
- " 229 -42.8 -22 26 NaCl+KCl
‘ . +MgCl2
" 170 -65.7 170 25 halite
" 26 -54.1 -20 ...7722.7 NaCl+CaCl2
]
CWM-143B 189 -48 128 24 halite
‘ " 156 -58.9 -20.4 23 NaCl+CacCl2
\ +MgC1l2
" ' 173 -54.6 -18.8 22 NaCl+CacCl2
" : 78 -47.8
" . 256.3, -58 256.3 29 halite
" 300 -62 195 27 halite
" 178 -68 -16.8 20.4
- 154 . -57 -20.1 22.6 NaCl+CacCl?
' +MgC1l2
CWM-145B 222 -26.1 150+/- 28 halite
214 halice
" 229 -24 halicte
" 232 -29.5 halite :
" 120.5
- 147
. 129 «52.3 NaCl2+CacCl?
" 271 441 271 30.5 halite
" 331 -37.7 ~ 170 25 sylvite,

230 . halite




1

Sample No. Ty Teu Tp - salinity composiction:t
CWM-145B 364 -34.6 274 30 halite
" 308
CWM-146B 95 -61. -3.2 5.1 NaCl+CacCl2
' +Mgcl2
" 117 -50. -10 NaCl+CacCl2
s 29.5 Co2+7
n 120  -54° -20 NaCl+CacCl?2
" 30.1  -58. -37.1 €02 '
" 32 -72 <40 CO2(+CH4?)
" 348 -18 18
CWM-147B 124.5 -56. -24.1 25 NaCl+CacCl2
+MgC1l2
" 154 .5 -74. 71.3 23 halite
. " 168.4 -68. 148 24 "
" 172 -84 130.5 24 "
" 189 -73. 165 25 ~
" 19.2 -48 -20.2 CO2+CH4
- +H2S
" 20.1 -56 -30 " h
" 19.8 -30 Co2+7?
" 26. ! -24.9 "
" _21.3\ -40. f30 CO2+CH4
+H2S
" 135
" 232
CWM-151C 99 44,7 -14.7 18 NaCl+KCl
+MgcCl2
" 101 -40.1 -l4.4 17, "
CWM-154cC 382 -64.4 360 37 sylvite,
ig2 halite )
" 225 -38 . NaCl+MgCl2
" 225  -46.6 -19.3 22, NaCl+KC1
+MgC12
" 14 -84 -55.7 CO2+CH4
" 28.3 -80:.2 -52.8 C02+CH4
" , 11.6 -60 -5.7 CO02+CH4

Q




Sample No. Ty Teu Tm salinicy composition*

CWM-155C

halite
sylvite,
halite
halite
halite
NacCl
NaCl+CaCl?
+MgCl2

NaCl+CaCl?2
+MgCl2

halite

NaCl+CaCl2
+MgCl2

NaCl+CacCl2
+MgCl2

NaCl+K(Cl
+MgC1l2

NaCl+CaC1?2
NaCl+MgCl2
NacCl
NaCl+CaCl2
+MgCl2

NaCl+CacCl2
+MgC1l2




1

e Lf,!&‘;’
. F
Sample No. h Teu Tm salinity - ecampositiont

CWM-1648 164 -49. 25 ~ halite

" 305 -55. " 31 halite
193 -46, 20 halite?

306 -46, ) 31 halite
250 -48, 25. © NaCl+CaCl?

150 -77. 24 halite

176 -73. 28 .

152 -78 24 halite

150 -79. 24 sylvite

halite

244 -65. . 19 .

186 -58. . NaCl+CaCl?
+MgC1?

415 -38. . halice

386 . halfite

NaCl+CaCl?

CO2+CH4
+H2S

<
- % "Composition” is a qualitative estimate of which phases are
present (as chloride <complexes) in solutfion; phases
presented as minerals are daughter minerals,ident{fled
optically. Inclusions bearing MgCl,; may also cantain FeCly;
these two species cannot be distinguished by temperature dacta
alone (Crawford, 1981).




Flgure 4,1 Histograms of homogenization temperatures of

3

fluid {nclusions Iin quartz velns from selected shear zones

onvthe Mirage Islands (CWM- samples) and Occtopus Islands

~

(CO- samples). ' \
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equilibration.

»

It 1is difficult to determiﬁe the composition of
inclusions quanticatively with non-destructive
techniques. However, using data op freezing and melting
temperatures of fluids, {t is :possib to infer which
species, along with H70, are mos kely to be present {n

the {nclusion.

In Table 4.2, the crictical point and triple point
temperatures of various pursa species are compared (after
Burrus, 1981). For example, fox: a one-component fluid
composed of COp, the homogenlization temperature is 31.1°C,

and melting occurs at -56.6°C (Burrus, 1981). ~

Inclusions which homogenized at temperafures between
11.6 and 32°C are present in a number of samples. Upon
further heating they decrepitated. THése characteristics
suggest that the {inclusions contain CO; (Burrus, 1981).
In Figure 4.2, the homogenization temperature {s plotted

‘against the melting temperature of these inclusions. of

the el&aven Iinclusions plotted in Figure 4.2, oanly one

inclusion (in sample CWM-146B) appears to be almost pure

COj,.




“~

Figure &, 2 Homogenizatitn temperature

versus melting

temperature for COo9-bearing inclusions Homogenlzation

temperature and melting temperature of pure €Oy is

indicated on the diagram. -
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Table 4.2 Critical point ana}triple point temperature of

various species which are known to oaccur in fluid

inclusions (after Burrus, 1981).




'Component

Hs0
CO9
S09
HjS

CHy

'* temperature

. .
Temperature+*

(critical point) .

374
31.1
157.8

100.4

-82.1

in ¢

/

Temperaturex*
(triple point)

0.015
-56.6
-72.7
-85.5

-182.5

%1
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Three CO2-bearing inclusions present 1in sample
CWM-154C have homogenization and melting temperatures
depressed below those of pure COp (Flgure 4.2). The se
fluids probably also contain CH,, as the melting and

homogenization temperatures lie betwesen those of pure COp

and pure CH, (Table 4.2).

Sample, CWM-41C contains two COs Inclusions with valucs
of Th. and T, slightly above those of pure COy
(Filgure 4.2) . Tke presence of a sulfur-bearing component
in the. fluid likely caused, this increase in temperature

(Burrus, 1981), although it is not possible to say whather

H2S or S03, or both, {s present In the fluid.

§

r

The three inclusions studied in sample CWM-147B ﬁnve
homogenization temperatures less than that of €Oy, aWd

melting temperatures greater than that of COjy. Fluids {n

‘these inclusions may contaln both CHy4 and a sulfur species

A
3

< most likely HpS.

Thus although C0p inclusions within any glven quarcz
vein appear to contain the same Species, the relative
concentrations of the specles appear to vary, as {ndicated

by the range {n melting and homogenization temperatures.

However, thls does not necessarily mean that more than sone
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trapping event of COj-rich fluid occurred in each quartz

velin. Sterner and Bodnar (1984) and Roedder (1984) have

polinted out that inclusfons containing variable ratios of.
two or msre end member components can be the result of
trapping of a heterogeneous fluid. This may be the cad@

“-

with Mirage Island quartz veins. ’

} Most fluid inclusiohs examined homogenized at
temperatuyes between 100 and 200°C, and are interpreted to
contain saline brines made up of He90 + NaCl +/- other
chlorides. The salinity of the trapped fluids in 1liquid
plus ‘vapor inclusions was calculated from the melting

temperature using the following relationship:

(6.2) Wy = 1.76958* - (4.2884%10°2%82) + (5.2778%10"%%e3)
(Potter et al., 1978),
where Wy = wt & NacCl

© = melting point depression (°C)

The salinity is expressed as an equilvalent weight % NaCl

since volumetric data for NaCl-H20 solutions are well
studied, and approximate the behavior of brines bearing
CaCly, MgCly. FeCl; and KCl to within about 0.1% (Roedder
and Bodnar, 1980). Brines with more than 233 wt $ sodium
chloride are staurated with respect to ‘NaCl (Potter et

al.. 1978), end yet several of the salinities reported in




la4
Table 4.1 are greater than 24%, and have no daughter
crystalizgresent. Thus the main source of error %ust e
in tb@fmeashremenc of the melting temperature of the {luid
inE{usions, anﬁ the salinities reported therefore are only
est‘mates. Nonethéless, ft can be said that many of the
liqy&d + vapor fluid {inclusions have high salinities,
9d;mon1y approaching saturation,
L
The eutectic temperatures of the fluids were used to
identify which species are likely present in the fluids
along with Hjo0, The eutectic temperatures of saline
fluids examined in chig stu;y are plotted in Figure 4.3,

Crawford (1981) stated that saline inclusions in nature

always contain NaCl, and may also contain ot*er chloride

specles. The known eutectic temperatureql of brines
: ¢

containing variocus chloride species are als 'plotted in

Figure 4.3 (after Crawford, 1981).

Depression of the eutectic temperatures observed In
fluid 1inclusions in this study 1indicates that few
inclusiens are simple NaCl brines, but that most contaln
more than one salt (Figure 4.3). MgCly and FeCly cannot
be distinguished %y temperature data alone (Crawford,
1981), thus inclusions interpreted to contalin MgCly mavy

contain Iin part (or entirely) FeCl,.




Figure 4.3 Histogram showing the range of eutectic
temperatures found in inclusions in this study. The

eutectic temperatures for brines <containing wvarious

chloride specles (after Crawford, 1981) are marked above

the graph,
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Table 4.1 1lists the chloride species present in the

fluids, and tﬁeir salinities (expressed-as equivalent wt &%

NaCl)‘ The presence of iron and magnesium chloride in

many of the fluid inclusions i{s compatible with the basic
composiction of <the sheared rocks, and supports the
hypothesis  that the hydrothermal fluids were derived - at

least {n part - from a metamorphic source.

AA large number of inclusions was observed which
contained one or more cublc <crystals, 1identified as
halite, along with a 1liqufd and a gas phase at room
temperature. In some quartz veins, the ratio .of
liquid:gas:solid Dbetween ‘}nclusions was approximately
equal, and it has been assumed that the crystals in them
are daughter .mineralsA The fact that the solid phases
within any one quartz vein dissolved at about the same
temperature 1s interpreted to bear out this assumption.

In other quartz veins, the solution temperatures of
the crystals are variable between inclusions. This may be
interpreted in a number of ways. First of all, these
incluslons may"represekt more than one trapping event,
with the solid phases being daughter minerals which have

crystallized. from different fluids. Secondly, they may

have been trapped at the same time from a heterogeneous
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fluid, in which case the sali{nities of the resultant
inclusions would be variable, aﬁd daughter minerals would
precipitate out at more than one temperature. Finally, an

’
original fluid containfng a solid phase at the time of
entrapment would produce inclusions with a range of
salinities. If this is the case, then the NaGCl crystals
observed at room temperature are not daughter minerals,
although some <crystalline material present may have

precipitated iIin the 1inclusions since trapping (Roedder,

1984) .

Salinities of inclusions containing soltd phases were

determined from the homogenization temperatures of the’

~

flui&s, using Figure 4.4 (Keevil, 19ﬁ2). Values listed
‘ .

are the salinities of the fluids whgéh. 1f the crystuls
are truly daughter minerals and were not trapped as
solids, reflect the salinity of the fluid from which the
inclusion was derived. Salinities range from l4 to 37 wt
% NaCl equivalent. Fluids are compésed of+ HaO + NaCl +/-
CaCly +/- KCl +/- MgCly (4/- FeCly +/- FeClj) (see Table

4.1).




Q

Flgure &4.4.° Sallnity (expressed as eq-uivalent h‘lt %. NaCl)

vs. solution temperature for _fluid inclusions bearing

daughter m‘inerals (Keevil, 1942). =
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Thermobarometry

Unless a fluid Inclusion can be shown to have been
boiling at the time of entrapment, the homogenization
temperature will b; less than the ¢trapping temperature
(Roedder, 1984) . Since no evidence was found 1{n this
study to suggest that tﬁe fluid was bolling (such as
variable 1liquid:gas ratios of several inclusfons u'rhich

homogenize at the same temperature), it 1s believed that

the homogenization temperatures presented in Figure 4.1

are less than the trappling temperatures. With an

-

independent measure of pressure at the time of formation,
the actual trapping temperature can ,be determined.

Similarly, an 1independent estimate of temperature can

allow an estimate of the pressure of entrapment.

The assemblage amphibole + plagioclase + epldote +
calcite + quartz is preserved in two shear zones, and
yields equilibri_um pressures of between 2 and & ktfars
using the thermobarometer of Plyusnina (1982) (see Chapter
2). This {s the only semiquantitative .estimate of
ﬁtessure obca;ned in this study, and is not sufficlently
accurate to be applied to fluid 1inclusion data to

determine the difference between homogenization and

trapping temperatures. However it does give an indication
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A

of the upper limit of trapping pressure of the Fluids.

Oxygen 1isotope thermometry (Chapter 3) has yielded
independent estimates of the temp.elra'tute of form;ation for
the' quartz veins 1in which cthe fluiduinciusions were
examinedy. As these temperatux;as are not dependent on
pressure, uncertainty associated with them is duse solely
to analytical, experimental and calculatiron errors.
Furthermore, in\ Chapter 2., Spear’'s (1980, 1981)
geothermometers were appiied to sheared samples containing
plagioclase and amphibole; these thermometers have only a
very small dependence . aon ‘pressure, and have yi]alded
temperatures which are estimated to be near the max{imum '
temperature occurring in the shear zones.

: N\

As_noted in Chapter 4, temperatures determined fron
lsotope thermometry cluster 1in two groups which ars

interpfated to reflect two thermal events - an amphibolice

grade (M1l) event with an average temperature near 590°C,

and a greenschist grade (M2) event near 420°, In Table

9,

4.3 homogenization temperatures of the oldest (that s
the highest ctemperature) inclusions are compared o
temperature Nestimates derived from oxygen isotopes and
from plagioclase-hornblende equilibria,

¥

The data-have been divided into two groups:




Table 4,3 Comparison of the homogenization tempwrature of

&

fluid inclusions to the formation temperature  determined

from oxygen isotope thermometry or plagioclase-hornblende
thermometry. “leen the salinity of the inclusions (from
Table 4.1y, the maximum formation ©pressure can be
estimated from:- the difference between the formation

~

temperature and the homogenization temperature.

Abbreviations wused: Thom = homogenization - temperature,

Tfm = formation temperature, Pgy = formation pressure.




Thermal event Sample no. max Thom Tfm ng‘Thom Salinicy Pg,
(°C) (°C)  (°C) " (wt % NaCl)(kb)

Ml CWM-143B 300 620%* 320 27

CWM-146B 348 574% 226 21
CWM-155¢C 376 485%% 109 29
CUM-163cC 314 596% 282 >25

CWM-145B 364 366x 2 30
CWH-154B 382 454% 72 37
CWM-164B 306 352% 47 31
Co-22cC 415 430%* 15 33

* T¢p determined from oxygen isotope thermometry
** Tfm determined from plagioclase-hornblende thermometry.
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which equilibrated at .amphibolite facies (Ml)
temperatures, and those that equilibrated at greenschist
faciles (M2) temperature, ba{;d on independent
thermometers. Homogenization temperatures of inclusions
from M2-equilibfated samples are slightly less than the
equilibrium temperatures of thelir host shea zone;, with a
range in Tgaqp-Thom from 2 to 729C (Table 4.3). One of the
inclusions in CWM-145B has a homogenization temperature
almost {dentical to the equilibrium temperature of the
shear zone from which it was sampled, suggesting that this
inclusion was trapped during or immediately following
equilibrium in that shear zone. Thus it is possible that

this inclusion is primary.

The difference between equilibrium and homogenization
temperatures (Teqm-Thonm) can be wused, together with
compositional data, to eétima;e the maximum pressure of
entrapment, using Figures 1 to é of Potter (1977?? wﬁich
give temperature corrections for different valu®s of Thop
at variéus salinities (see Appendix D). If the inclusions
are assumed to be primary, then the pressures ‘rTepresent
the tr#pp;ng pressures of the inclusions formed during
vein ﬁracipitation. However, {f the . LInclusions are
secondary, then ~the trapping temperACure of a given

inclusion will be intermedinte between the homogenization

témperaCure and the equilibrium temperature of the shear
S




zone, and thus the trapping pressure estimated from

Ttrap-Thom Will be lower. Maximum trapping pressures for
quartz velns in M2-equilibrated shear zones range frowm O

to 0.75 kbar (Table 4.3).

.

I'a

It seems 1likely that inclusions from the amphibal{to

facies (M1) shear zones are not primary, since the
differences between Teqp and Th,p are great‘er‘ t_h‘an 100%c.
Oxygen isotopes from quartz-chlorite pairs in these wveins
and the plagioclase-hornblende thermometers of Spear
(1980, 1981) yleld temperatures indi{cative of the
amphibolite facies (Chapter 3), implying that cthe velns
were deposited during M1l. However, the highest
homoge;’\izacion temperatures of " the fluid inclusions

correspond to greenschist facies temperatures, suggesting
I .

that these inclusions were trapped later, possibly during

M2.

If an assumption is made that the fluid inclusions

w

from the amphibolite facies shear Zones are primary (thac

is, syn'-Mi), then the trapping pressures Q’range«:i from 1.1

to >3 k:bars (Appendix E). If, on the other hand, they
were trapped during M2, formation Pressures would have
been <considerably lower. For the latter <case, an
approximation of maximum trapping pressure can be made

using the average M2 temperature of 420°C from isdtope
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therwomnetry . Ttrap-Thom would then range from 44 to
120°C, and the corresponding pressures would range from
0.5 to 1.25 kbars. Clearly these pressures ~are
approximate, and are only as reliable as the assumption

that Ttrap - Z62000
i

Another method commonly used to determine the
temperature and pressure at which an inclusion was trapped
is with inCerieccing isochores (lines of constanmnt dénsicy)

on a plot of pressure vs. temperature. If two inclusions

with different compositions (such as CO; and H20) are

trapped during the same event, then the point of
intersection of their 1sochores will represent the
pressure ana temperature at the time of their entrapment
(Roedder and Bodnar, 1980). This method can on%y be used

1f the two inclusions are pure components (ibid.).

Unfortunﬁtely this technique cannot be applied to cthe
data from this study because the inclusions are not pure:
the lowest salinity reported for an Hp0-rich inclusion is
5.1% NaCl, and only one sample (CWM-147B) appears to
contain near-pure COj. Furthermore, Ehere‘is no evidence
that the CO02-rich and Hzo-rich 1nc1usions.‘formed
simultaneously; in fact, given the range of homogenization
temperatures and»fld{; compositions, there appear to ﬁave

been several trapping events. Finally, most low-salinity
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fnclusions have 1low homogenization temperatures (naarv
100°¢) , andrsince HoO0 {sochores are close to {isothermal
(low T/ P) for low values of Typem. the trapping
temperatures they would yield must also be fairly low.
Therefore these inclusions would not provideblnformacion
on the pressure and temperature conditfions during
shearing, but they‘ would estimate the pressure anﬁ
temperature at the time of their aentrapment, following

peak thermal conditions.
Dilscusgsion

Of the thirteen samples analyzed, eight quartz veins

contain inclusions with homdgenization temperatures

sufficientlj high to estimate the maximum pressure
conditions in the shear =zg¢ during equilibration.
Temperature estimates inde nt of fluid {inclusion
thermometry are available f»8m/o gen I(sotope data and
pPlagloclase-hornblende ther etry, and show that the
shear zones, like the surrounding unsheared rocks, record

two thermal events, M1l and M2. .

M2-equilibrated shear zones have 1inclusions which
yield maximum trapping pressures of 0 to 0.75 kbar for
trapping temperatures between 350 and 450°C. These

pressures would be lower for inclusions trapped after
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shear zone equilibration. Homogeniiation temperatures in
M1 shear zones suggest that the incluslons are secondary.
Assuming trapping temperatures <corresponding to M2

conditions, maximum trapping pressures range to about 1.25

kbar.

This range of pressurés is considerably lower than the

2%
2 to 4 kbar indicated by Plyusnina's (1982)

thermobarometer. However, 2 to 4 kbar is the upper limit

(of trapping pressures for primary iIinclusions, and all or
most of the high temperature inclusions in this study are
secondary inciusions.

Roedder (1984, Figure 9.5) proposed a model in which
boiling can occur in a closed fluid-filled vein as a
result of faulting. In this model, movement on a fault
causes an increase in volume of the contained fluid, thus
reducing pressure, and if the critical curve is reached,
boiling will occur, Figure 4.5 demonstrates this thesis,
for a shear zone in which the "regional”™ 1lithostatic
pressure 1{is 2 to 4 kbar. Following a component of
movement Iin the shear zone, effective fluid pressure 1ig
reduced, resulting in a lowering-of the solubility of $10,
in the fluid and precipitation of quartz in the shear

zone. Primary fluid inclusions trapped during the

formation of these quartz veins would have formation




ure 4.5 Schematic diagram of a shear zone in‘which
iocalized movement produces a dilatent zone; causing a
drop in fluid pressure and the concomitent precipitation
of silica. The trapping npressure of primary fluid
inclusions {n the quartz will thus be lower than the

regional pressure of 2 to 4 kbar in the shear zone.
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pressures considerably lower than the lithostati{¢ pressure
in the shear zo;es. Secondary inclusions could also be
trapped ia this way( in low pressure zones produ;ed during
the straining of the vein resulting from incremental

movement along the shear zone.

Shear zones on the Mirage Islands are characéerized by
strongly schistose zones, locally 1ntrpded by anastowmosing
quartz velns that are subparallel :o..ghe shear zo%e
fabric. A process such as that illustrated {n Figure 4.5
was probably operaéive during shear zone formation, with
several episodes of movement along the shear zones
resulting in a series - through time - of localized low

pressure (dilatant) zones into which hydrothermal flulds

flowed. Fluids trapped 1in quartz wvelins duripﬁ//;hese
. : F) <

4

events record a range of pressures which are lefs than the

regional greenschist (M2) pressure of approximdcely 2 to 4

kbar.

A lafge number of secondary inclusions was examined
which have homogenization ltemperatures between 100 and-
200°C. These inclusions contain fluids which were present
in the shear zones during their cooling. No systumatic
relationship between salinity or fluid composition and

homogenization temperature of the secondary inclusfons was
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found.. If 1incremental movements along the shear =zones
continued during cooling (post-peak-M2), then these
secondary ,:aniusions wou‘}d represent fluid pulses which
moved through the shear zones, and were trapped in low
pressuz—e zones caused.by, the movement., The strained scacé
of the quartz attest;s to movement in some shear zones
subsequent to veln deposition.

. ‘ 9
The composition of the fluids which moved through the
shear zones Vwas variable. Ho-st were saline fluids
conctaining H20 + NacCl +/-.Ca012, KCl, MgCly and/or FeClyp,
Qith‘salinities ranginé from 4.8 to 37 wt %{I‘Iacl. Some

fluids contained CO; +/- CH4, SO, and/or HyS and NacCl.

The compositions of the fluid inclusions. suggests that
the fluids present in the shear zones following their
equilibra‘tion‘vere derivéd - at least In part - from
meteoric waters, since‘ground water ﬁypicall-y has a high

salinicy (Fyfe gt al., 1978).

In the previous chapter it was suggested from ;sotopic
evidence that the late hydro;hermal fluids may have been
the product of a mixed. source, composed of meteoric and
either metamorphic or magmatic fluids. The composition of

a low grade metamorphicibrine from a well in the Salton

Sea was found to contain significant CO; and CH,, as well
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as H2S Iin the gas phase, and >3000 Ppm Na, Ca.'vll(, Fe and
©1 in the fluid phase (Fyfe ot al., 1978). Howaver, €O,
{s also known to be present (in lesser amounts) in fluids
derived from a magmatic source (ibid.), and so it s

not

clear from this line of evidence whether the trapped

fluids are a mixture of ground wateér and metanorphic or

magmatic fluids (or both?).

The cations carried in solution were likely derived
from the sheared rocks which host the quartz veins.
Chemical changes In the shear zones which resulted from

reaction with these fluids are discussed in the following

chapter.

In general, given. the large variation {n fluid
composition and homogenization temperatures, 1t appears
that there were ei;her several generations of fluid
trapped over time, or a number of trapping 'event':s occurred

(corresponding to incremental movements?) in the presence

of an evolving briney following shear zone formation.
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CH T EACTIONS

Significant chemical c-hanges commonly accompanj’
hydrothermal alteration and metamorphism in shear zones,
resulting in new mineral assemblages, different bulk
chemist:ries,' and changes in the oxidation state in the
altered rocks L(e.g. Kerrich, .1983). 'In this study, whole,‘
rock geochemical analyses were carried out on
sheared/unsheared rock pairs, in order to dpcument changes
in bulk chemisctry across the shear zones. Mineralogical

changes 1in sheared rocks are characterized by balanced

reactions.

It was found that, in general, ‘the observed changes in
major element abundances may be predicted from

mineralogical changes {in the shear zones.

Apalytical Techniques

Analyses of major elements were done "by atomic
absorbtion spectrophotometry on solutions (by G. Andrews),
and trace elements were analyzed by X-ray flourescence on
pressed powder pellets (by G. Viennott). Errors on major

element analyses are estimated to be +/- 2% of the
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reported values, and for trace elements errors are about

+/- Ss, The data are presented in Appendix E.
In the following sections, the "protolicth" of .
sheared rock refers to a metamorphosed, lithologically

equivalent rock outside of the shear zone.

Calculations and Resules

Bulk Chemistry

Cresens (1967) has shown th;\t in order to quantify the
net chemical changes between any two x:‘ocks‘, one'varia.blxp/
has to be assumed to be constant. This can be any
¢lement, or .a parameter such as mass, volume or density.
Considering the extent of hydration in the Mirage Island
shear zomes, 1t {s unli}cely that volume or mass remalned
-unchanged‘d\iring alteration. However, an assumption of
c¢onstant Al has been made, which 1is qualitatively
supported by the fact that;_ the magnitude of the change {n
Al concentration between sheared and unsheared patirs 15
generally smaller than that of other elements. Hosc.
sheared samples show a change of 108 or less (1.5 wt '3 or
. less) 1in Al,03 relative to ctheir protoliths, In a few
cases, the change in concentration of Al is significant

(near 30%, or .5 vt %), but Al,04 was'still used as the
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invariable parameter, in order to compare results between
shear zones. Thus even 1f the assumption that Alo03 was
QMmobile during alteration 1s incorregt in some cases, it
is still valid since it allows .a coﬁparison between shear
zones of the changes In dbundances of other elements

“
relative to Al.

Grant (1986) devised a graphical means of deterﬁining
relative gains and losses of material in an altered rock,
which is simpler and ROTe 'conven¥enc to use than the
equations of Gresens (1967). To wuse Grant's (1986)
technique, the concenﬁration of a given element in the
unaltered rock is plotted on the horizontal aiis, and its
concentration {in the altered rock {s plotted on the
veréical axls. All elements are plotted this way, then an
isocon is drawn from the origin through the element whose
concentration is assumed to have been unchanged during
alteration. These diagrams can also be used for constant

volume or constant mass alteration.

In i{interpreting the diagrams, all elements wvhich lie
on the isocon have maintained a constant concentration
during alteration; those '1y1ng below the . i{socon wers
depleted during alteration, whereas those above the isocon
were enriched. The amount by which an element is enriched

or depleted is determined as the percent " (positive or
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negative) with respect to its concentration in the -
protolith by projecéion onto a vertical line that
intersects the isocon at zero (see Figure 5.1).

Isocon diagrams were made for every sheared/unsheared
palr analyzed from the Hifage Islands. An example 1

given in Figure 5.1 and the rest are presented in Appendix

F.

The results determined using the isocon technique are
assembled by element for shear zones in metabasic rocks
(mainly sheared gabbros, Figure 5.2), and in felsic to
Intermediate volcaniclastic rocks (Figure 5.3). A number

of patterns emerge.

In the metabasic rocks, all of the shear zones are

predictably enriched iIn volatiles, most by more than

100%. Potassium and rubidium share similar trends: shear

zones enriched in K are generally also enriched in Rb, and
vice versa. Overallvchese two elements show the greatest
amount of change, with a net increase within the sheared
mafic rocks locally as high as SOO&,.and commonly greatef
than 504%. Calcium and -st;on:lumﬂvﬁkﬁw s sioilar
interdependence and are depLeteé in most shear zones, in

places by more than 90%. The net depletion of calcium 1n(—’/’/

.




Flgure 5.1 Isocon diagram for shear zone CWM-34, The
concencra:ion§ of every Elemenc (multiplied by a factor to
produce a value between 0 and 30; where‘necessary) in the
unsheared sample (horizontal axils) and the sheared sample
(vertical axis) are plotted on the graph. The 1isocon is a
line from the origin through some ‘element whose
concentration is assumed to have remained constant during
al;eration, in this case Al. All ochetv elements, when
projected on to the vertical construction line on the

right hand side of 'the figuref lie above the isocon

(indicating that they were enriched during alteration)’ or

below the 1{socon ' (indicating that they were depleted
during alteration). .
The vertical construction line may be scaled below the

isocon from O% to -100% at the point where it intersects

. .
the horizontal axis (where the concentration of an element

in the altefgd'sample = 0), and from 0% to infinity above

the 1isocon, and then the magnitude of enrichment or
depletion of the moblle elements can be read directly off
the dlagram.

LOI (loss on ignition) indicates the volatile content of

the rock.




0% =lsocon

sheared sample (CWM-34A)

concetration in

. 16
concentration In

unsheared sample (CWM-34B)




o~

Figure 5.2 Graphs showing -the gains (positive) or losses

(negative) of various elements in each shear zone hosted
{n merabasic rocks, measured as a percent relative- -to the

equivalegt rock outside of the shear zone.
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Flgure 5.3 Graphs showing the gains (positive) or losses
(negative) of various elements in each shear zone hosted
In felsic to Intermediate volcaniclastic rocks, measured

as a percent relative to the equivalent rock outside of

the shear zone,
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_the sheared rocks 1is In accord with the change in
Vplagioclase composition noted {in Chapter 2 in which
labradorite is replaced by albite in the shear zon;s. The
calcium, liberated by the reaction must have been flu;hed

from the system.

In the sheared rocks, total iron content generally
shows & ' slight increase over the unsheared protolicth
(Figure 5.2), with a net increase in the amount of ferrous
iron, and =& netc decreasé in‘ ferric 1{iron. Thus most
sheared rocks record a reduction of iron with respect to
their protolichs: However, there are a few exceﬁ&ions,

and some shear zones were oxidized during alteration.

Magnegium and manganese display variable trends in the
shear zones. Of the 21 shear zones analyzed, MgO0 1{s
/
depleted in 7; enriched in 10; and remains approximately
\

1
qonstant in 4, MnO0 is depleted in 11; enriched in 7; and

is unchanged in 3, This 1s interpreted .to indicate that

MgO and MnO weré mobile during shearing, although on a
"regional" scale (encompassing all of the shear zones) ,
the chemical system was approximately closed with respect

to both elements.

Most sheared samples show little change in the silica
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content. Ten shear zones are depleted in S107, 8 are

enriched, and 3 remained constant, One shear Zone

(CWM-145) records a large increase>in 510, confent; more
than 500%, Although care was taken to select sheared
samples which did not cohfgin quartz veinsrs this
significant enrichment in silica suggests that there was a

quartz vein present in this sample.

)

Titanium ;nd chromium each have apparently random
chemical trends,.with no consistent sense of enrichment or
depletion. The magnitude of the change in concentration
of these elements can be- quite large. Locally Ti10; 1%

enriched by more than 100%; elsewhere it is depleted by
¥ .
more than 70%, while Cr enrichment can exceed 200% and

depletion approaches 100% in places. However, the net

-

change in concentration may only be on the order of a few

parts per million, since these elements are present f{n

trace amounts.
I

o

Sodium concentration shows an overall decrease Iin the

shear zones. Although {t is consumed by the formation of
albite, more sodium is released during shear Zone
alteration than i{s used up, resulting in a net depletion

in sodium. Mineral reactions are ©presented {n the

v

following 'section.
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Kerrich (1983) alseo compi‘led"cher;ziféal' data for sheared
,met:a.basites from the Campbell ‘and .Con shea£ zones at
Yell'owkhife._ The Yello-wkl)ife'shé'ar zones, like thos'e on
the Mirage Islands, 'r:eco;rd a consistent enrichment in K
and Rb, and a dep];etioﬁ iﬁ Na." Generally, more silica was

- N /l ) N i
deposited in the Yellowknife shear zones, probably because

of lower equilibrium tempe(;fﬁqges in the Yellowknife ;rkga
(320 - 480°C; Kerrich, 1983) than. in the Mirage Islands
(360 to 600°C, this study), and thus silica solubuic)} vas
lower near ’Yellowknif_e. Mg, Ca, Sr and Cr display similar
chemical trends in the Yellowknife shear zones: with
£ncreasing Intensity of alteration, chese'e-lsmgnts were
intia‘lly depleted t:h‘:t’m subsequently enriched in the shear
zones (Kerrich, 1983), In cont;'ast, in 'the Mirage Island
shear zones, Ca and Sr are consistently depleted and Mg
and Cr béhave variably. Ferric 1iron in the Campbell anAd

Con shear zones 1is slightly enriched, whereas it Is

depleted in the Mirage Islands. Trends of ferrous 1iron

were not Presented by Kerf’rich (1983).

Chaﬁges in the concentrations of elements in sheared
felsic to intermediate volcanogenic clastic rocks from the
Mirage 1JIslands are presented ‘1%1 FrigureAS.B. {ulthough
volatiles sho\w an overall enrichment in the shear =zones,
three samples (CWM-36, CWM-141, and CWM-144) record a net

depletion. In "Chapter 2 it was shown that the common
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~mineral assemblage of "the fin'e-‘g’rained volcaniclastic
rocks is quartz, felds/par, musc':ovit:e, biotite and
chlori-t.e; indicative of greenschist facies metgmorp'h'i.sm‘.
It appears ’l.ikely that the anisotropy (bedding) of these
rocks aided in hydration. during M2, and so Ml (amphibolite
”—'f-aci_es) assemblages were only rarely pr‘eser\.red. The
amphibolite facies assemblage off _.t_:lmese rocks would have
been quartz + feldspar + muscovite + b'iot:ite +/- an
amphibole; the lack ;af chlorit;e‘b-»eing the distinguishing
feature from .the greenschist facles assemblage.
Therefore, even If this assemblage was flushed through
with large volumes of fluid, only a small amount of Hy0
and €02 could be acc‘omodated in the’ new mineral
assemblage.

v

In shear zones |in f‘elslc rocks which record
significant increases in volatile content, either biotite
and/or amphil?ole were replaced byl,'chlorite and/or biotite,
lo: the modal abundance of gicas increaéec'l significantly in
the shoar-zor;e. However, where unsheared assemblages did
not have the appropriate bulk compositiion to produce

‘chlorice, very Titcele change in volatile content

occurred. If the ©protolith was ‘a greenschistc facies
assemblage, a ‘significant enrichment Iin water content
would be uniikely. Perhaps the apparent dehydration of

three of the sheared rocks is a function of sampling. As
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these rocks are composftionally layered, "if the sheared

-

sample contained less mica anc.l thlorite than the unsheared
sample, an a-p;arent. reduction {n H20 content would be
observed. Figl.;re's..’i indicates that volatiles were mobile
during shearing, and regionally they are clearly enriched -
in- the shear zones.‘

As in the sheared mafic rocks, K and‘ Rb share similar
trends and are, overall, enriched in the shear zones. Ca
a.r;d Sr are also , Interdeperrdent and show na’ v‘vap.'parenti

regional change, although their concentrations are quite -

variable between shear zones.

The patterns for iron are similar to thosa in the

[} s
sheared metabasites - a net increase in total iron occurs,

with ferrous iron cnri:ched more than ferric 1{iron, axcept
in two shear zones (CWM-36 and CUH-IQOS., Mg and Mn are
enriched regionally, although of the 8 shear zones

exafiined, 3 are depleted in MgO and 3 in MnO-

Silica 1is .depleted in 5 of the 8 ghear zones, and
enriched in 2, Of the 3 shear ' zones depletad in
volatiles, 2 are enriched ia silica. -This may indicate an
increase in modal quartz and a concomitant decrease in
mica « content in these 2 shear zones, explaining the

[y

decréase in Hp0 content, as described above.
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T1 and . Cr show no significant regional changes in

c
%

concentration.  Titanium contentt is increased 1in 3- sheaj:'
‘zones, decreased 1in 3, and remained -~constant in 2.
Chromium {8 {ncreased {In 3, decreased in 2, and 1is

unch’angedv in 3.

Finally, Na ' in sheared felsic to intermediate

\

volcaniclastics is depleted in every shear zone but one,

indicating a net regional depletion in sodium.

* . »

’

Genéralizihg on a regional scaie, the shear zones haye

acted ,as approximately <closed chemical systems with

Yespect to magnesium, wmanganese, silica, titaniun ahd
- ) :

chromium; and as open systems with respect to potassium,
rubidium, calciuin, strontium, iron, sodium and vo]:acil'es.

Th_e shear 2zones are enr.iched in potsssium, rubidium,

-

ferrous 1iron, and volatiles, and depleted 1in ::al«':ium,

strontium, ferric iron and sodium.

nmml_xum

& " In_ this section, balanced reactions are presented in
order to characterize the mineralogical changes that are
observed 1in the shear zones. For a given reaction ‘the-

v

modes of mineral phases in 100 cm3 of rock were determined

s
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by point <counting (1000 points), and  the modes Sere

converted to molar quantities (see Appendix G).

-
LI

The reactants in a given equation are the minerals ip

the unsheared protolith; the ProducA are the minerals in

’

the sheared sample. Where a giv‘en phese occurs on both
sides of a reaction and 1its composition is nearly cthe
same , thé di fference -:hbetween ’its; abundance {in the
x.-.a;ctancs and productg 'presenced on one side of the
equation, for simplici \The compositions of amphiboles,
chlc".rites and plagiocl) ere determined by microprobe
analysis (see Appendix A), whereas. those. of sericite and
epidote have been taken as cthe idealwerg member
compositions (sericite = K2A14815A1‘2020(0H)4. Aand s’pidotf
- - CagFe3+A1,0510307,(0H)). Since biotire gT8lns were too
smalli to analyze wit)‘; the microprobe, their frormuIa was
approximated as K2(F?'[,.Hg)5815A12020(0H)4. Fo‘:Hg ratios in
‘biotites were B.SSUlfl/é/d to hs the same asL Fe:Mg ratios in
coexisting c‘hlori:e_.,’/ and/or amphibole. As in the preii.ious
section, Al 1is 'as/;umed to have remained constant during
alteration, -and t,ﬁ/us'the net chemical changes pradicted by
these reactions i:re relative to Al.
<
When the -r/ea;::ions wefe balanced for alumina, it was

found that -t!ﬁey_did not balance for other elements.

Cations were;"x added (as oxides) on eilther side of cthe
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equation as“nedded. to 'ba;ance the reactions, thereby
,providi&g‘ a semi-gquanti{tative estimate of the bulk
-chemical changes in a given shear zone. The cations are

assumed t&_have been carried by the hydrothermal fluids

which mo§ed throcgh ché shear zones.

‘ A sample reaction for a sheared gabbro .is presented

- below. With cthe exception of a few elements, chis

balanced reaction predicts ‘the behavior of the major
elements successfully. Although the mobile elements are
presented as oxides, they may _ in fact: have been

.

transported . as complexes with other anions besides

oxygen, This 1s discussed further in the following

agccion.




WM-16 WM-14 ,
.251(Ca‘53Na_45A11‘§3S;2_4603) + "052(Ca2F0+3A1£0$130110H)
(plagioclase) (ep{dote)

+ .171(K 03(Ca) goNa 17)Fe) ggMg2.54Mn o3Fe 54A1 1,
(actinolitic hornblende) (Si7.40A1.60)022(0H)é)
+ {(.017K20 + .304Fe0 + A.OOBHgO + .641H70 + .056C0; +
, .010507)
(FLUID)
-100(?35.09“83.99““.03F°,08A12.62(515P60“12.AO)OZO(OH)16)
7 .. (chlorite) ‘

+ .074(Ca ogNa 9gAl 99Sis 990g) + .328(S105) +

(plagioclase) (quartz)

+ .005(FeSp) +.056(CaC03) + .020(KpFesMgpAlySigOgq(OH)y )

(pyrite) (calcite) (biotite)

"and Naj0, Ca0, Fey03, 5102 and minor MnoO are.required as

+ (.036Nay0 + .485Ca0 + .068Fe03 + .002 MnO + 8135105}

(FLU1D)
In order to balance this reaction, K20, FeO, Hj30, COp,
SO and trace amounts of MgO are required as reactants,
products. Compéring these results with those of Tigure
5.2, it can be seen that this feactioﬁ;p{qdécts the sense

of movement (into or out of the shear zone) of most

elements correctly, although the magnitudes of the

<




-

enrichménts and depletions do not corxelate well. B
/

It s Lntereating to note that lthough the sodium

content of pldgioclzsé' is increased Iin the shear =zone

(from h}bradorite to albite), the net sodium content. of

the sheared rock is less than 1its protolith. This is
because more sodium was incorporated in the amphibole in

the protolith than was required in albite in the sheared

rock. Furthermore, there is a decrease in abundance of

feldspaf from 25% (modal) in the protolith to 19% in the

altered rock from the shear zone.

From reaction R5.1 it can be seew that .641 moles of
H0 and .056 moles of CO; are consumed imw producing the

sheared mineral assemblage. Given a molar mass of water

~of 18.015 g/mol, and a lpacific volume near 1.3 cm3/g at

the temperature and pressure of shearing (Fyfe, et al.,
1978); and a mass of CO7 of 12.011 g/mol and specific

volume of 1250cm3/g (CRC Manual, 1983), this correspondé

to 15 cm3 of: Ho0 and 840 cm3 of COg; or a minimum

fluid:rock volume ratio of about 10:1. Note that this
ratio 1s only an approximatioén, since it was. calculated
from volumptric data on pure H20 and COj. Reaction R5.1
indicates that the fluid was not a pﬁ:e H720-C02 wmixture,

but that several cations were dissolved in it. Given‘an

average salinity of H70 betweerd 20 and 25 wt 8 NacCl
. v -
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Kindiéated EIOM'flﬁid inclusion data), the specific volume
of the fl%}d would be ibwe? than pure Hj0 fof the same
pressure and temperature conditions. Furthermore, it was .
» .
concluded in the previous'ch&ptér that COj-bearing fluid "’

inclusions were not pure CO», bue contained CH, and

! -

16cally HoS, tn unspecified quantities. The specific
volume of an impure COj-rich fluid is different than that

1

of pure COj.

It if not possible ta calculate the Sgact fluid:rock
ratio pradicsed by R5.1, since the true composition - and
hence the physical properties -yof the uid 1is not known.
Hovever, the effect that impuriti{es in Hy0 and coé wvould
have on the fipal fluidirock ratio,is negligible relativae
to the &errors inherent in the assumption that a
calculation ‘of the volume of fluid which has reacted with
100 cm3 of rock]is rapresentativersf the fluid:rock voluﬁe
ratio over the entire shear zone. Thu? these- values ara
only valid as indicators of the order of magnitude of
fluid:rock ratios. It is {nteresting to note that the
fluid:ro’cl-: ratio caﬁculatod for RS{"I is an orde:\oK/
magnitude less than that calculated for sheﬁr zones at
'Yellowknife by Kerrich et al, (1977).

LN

Fyfe, et al, (1978) reported concentrations of 54,000

ppm Na, 23,800 ppm K, 40,000 ppm Ca, and S{ and Fe
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concentrations on the order of .5 wt % in metamorphic
waters. If the hydtoéhermal fiuidsCin the Mirage Islands
were of metamorphic origin and had composiﬁions.comparable
to those reported by Fyfe et al, (1975), then a fluid:rock
ratio o; the order of 10:} woul&.be sufficlent to produce
tge_changes_inlelement cbncenttations ;ted;cted'by RS5.1,
'aéauming gsaturation of the elements 'and an efficient
chegical system. The concencra;ions of specles ﬁtesent in

-

groﬁndwater are of the same order. of magnitude -as
metamorphic fluids (1bid.). Vand so similar fluid:rock
ratios coﬁld be expected to' produce . the same chemical
changes. On the othér hand, the conéentrations of these
elements in igneous fluids are, on averagey an_order‘ogt
magnitude or more . lower (ibid.), and theféfbre the
chemicalschanges would tequiref}lfluidzfocg ratio on the

order of 100:1 if the fluids in the shear zones were

"typical"” 1igneous fluids.

A" total of eight balanced reactions were calculated
for shear zones hosted in metabasic foqﬁs. They are
n;escntnd ‘Beiow, and the mineral compositions are’
p?esgnted in Appendix A.- Tgbla 5.1 and Figure 5.4 show

the amounts of each major element ﬁredicted to‘be consumed

v

or reLeaéed by each reaction.
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WHM-344A WM-34

"-.312 (Any7) + .300 cpx + .060 hble + .114 ep + .071 pY +

(.018K20 + .203Fed + .001MgO + .003MnO + ¢.640H,0 +
.186C02) = 402 qtz + .186 ce + .102 (Angs) +, .089 chlor
+ .010 bio + .010 ser + {.091Na0 + .355Ca0 + .077Fap03 +

.9645107 + ,042504)

-

»

{R5.3) CWM-354A to CWM-35B. !
. : :

~

.081 actin + .289 (Ansg) + .277 cpx + .lhiap + .008 bio +.
v . . i .
071 py + (.005Nag0 + .008K20 + .162Fe0 + .119Mg0 +

-003Mn0 + .823Hp0 + .135€02) = ,124 chlor + .154 (Angy)
'+ .135 cc + .078 qtz + .00l ser + (.5936a0 + .073Feg0y +
1308105 + .14250;)

v

¢

4) CWM-4 o CWUM-4&

e

.159 actin + .240 (Anyp) +.123 qtz + .006 ép + .0l1 cc +

.009 bio + (.103Fe0 + .419H20 + .148503}) = .073 chlor +

A
.056 (Angg) + .007 ser + .074 py + (.085Nag0 + .004K,0 +
.360Ca0 + .142Mg0 + .001MnO + .051Fey03 + 1.389S5{0; +

.011C092) . ]




< WM-14 WM-14

.284 (Angy) + .081 act-hble + .058 ep- + .008 ser +
{.042Na0 + ,640Fe0 + .135Mg0 + .001MnO + .385S5i0, +

.053T105 + .589H0 + .268C0p + .586S0,) = .088 chlor +
.059 sph + (.006Ko0 + .111Ca0 + .047Fe;04}

- -14
251 (Ansg) + .171 act-hble + .052 ep + (.017K20 + .304Fe0
+ .003Mg0 + .641H0 + .056C0; + .010S03) = 100 chlor +
.0764 (Angg) “+ .328 qtz + .056 cc + .020 bio + .005 Py +

{.036Nag0 + .485Ca0 + .068Fep03 + .002MnO + .8135i09)
UM-14  CWM-149B

.821H20 + .177€C0p + .044S04) '= .130 chlor + .392 qtz +
.177 cc + .002 (Angz) + .022 py + .0004 bio + (.129Na,0 +

'~ .006K20 + .271Ca0 + .077Fej03 + .00lMnO + 1.0305107)

v
- -

.149 hble + .125 (Angp) + .026 ep + .0l4 ser + .054 py +
'(.3648Fe0 + .214Mg0 + .003MnO + .098Hp0 + .871C03} = .131
, chlor + .125° (Angs) + .323 qtz + .006 bio + .098 cc +

-

(.017Nap0 + .009Kp0 + .435Ca0 + .047Fe03 + .567S10; +

.108505)

.780 qtz + .187 (Ang3) + .003 bio + .268 cc-+ .296 py +

.227 (Anj11) + .204 hble + .032 ep + (.274FeO0 + .193Mg0 +




PRS.9) CWM-163A to -CUM-163B : - .

'+ .081 (Angg) + .29

]

.265 (Anps) + .082 act-bble + .045 ep + (.042KH0" + .171Fe0 |

+ .006Fe03 + .239Hy# + 029805 + .034SPy) . = .033 chlec
. . « ' . N . .
qtz + .02% ¢c + .041 bio + .017 py +

(.092Nap0 + ..224Ca0 '+ .084Mg0 + .002MnO + .009TLO; +

6495810, ) s

where An = anorthite content of 'plagiocInse, hble =
hornblende, actin = actinolite, act-hble = accinol}cic
hornblende, cpx, = clinopyroxene, ep = epidote, chlor® =’

chlorite, qtz = quartz, bio = biotite, cc = calciteq py =
pyrite, sph =~ sphene ‘ -

>
The chemical <changes predicted by these reactions

(listed in Table 5.1 and shown 1in - Flgurg 5.4), agree

quite well with the measured whole rock chemical changes

&

(Figure 5.2). 'Overall, ferroue ~ iron, volatiles,
. » , _ SO

potassium, magnesium and manganese are ccrsuded in the
shear zones, and scdiunm, calciuﬁ, ferric iron and silica

are released. Calculations of minimum fluid:rock volume

ratios for these reactions have been made bnséd on the

volume of volattles consumed in the reaé@ﬁons, Tandf are
) 4 -

included in Table S5.1. ~ The calculated ratios range from

4:1 to 130:1 Iin the metabasic rocks.

- 2 - -
-

Two balanced reactions were calculated for shear zones

,\‘”
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™ Table 5,1 Changes in concentrations of elements predicted
by alteration reactions 5.2 to 5.11. Negative ~values
yrrresent a deplecion in the sheared rock, and positive

values Indicate an enrichment, Minimum fluid:roek wvolume =
;acios are calculated from the volume of wvolatiles
involved in the reactions, based on a reaction temperature

of approximately 500°C, and a pressure of approximately 2

kbar.




Na20 K20 Ca0 FeO Mg0 MnO Fe203 S{i02 TIi02 H2o0 c02 fl:rk

|

Maflc rocks:

CWM -.091 +.018 -.355 +.203 +.001 +.003 -.077 -.944 +.640 +.186 28:1 .
g:n +.005 +.008 -.593 +.162 +.119 +.003 -.073 +.130 ‘ +.823 +.135 ¢ 20:1
33u -.085 -.004 -.360 +.103>~1142.-.001 -.051 -1.39 +.419 -.,011 54:1
ke 35n +.042 -.006 -.111 +.640 +.i35 +.001 -.047 +.385 +.053 +.589 +.268 40:1
é:; -.036 +.017 -.485 +.304 +.003 -.002 -.068 -.813 +.641 +.056° 10:1.
é:ﬁ -.12§ -.006 -.271 +.274 +.193 ..001 -.077 -}.30 +.821 -.177 27:1
, é:: -.017 -.00% -.435 +.348 +.214 +.003 -.047 -;567 +.098 +.871 130:1
.%Eg -.091 +.042 -.224 +.171 -.084 -.002 +.006 -.649 -.009 +.239 +.029 4:41

Felsic to intermediate volcaniclastic rocks:

CWM -.090 +.510 -.098 +.544 +.479 +2 .52 -.582 -.027 4:1
141
CWwM - . 014 +.143 +.675 +.676 +, 272 + 217 -.01e 2:1

074




ure 4 Graphs showing the'gains (positive) or losses

(negative) of various elements {n shear zones hostgd in

metabasic rocks, as predicted by balanced chemical

equations between unsheared and sheared rock pairs.
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in the felsic to {intermediate. volcanogenic rocks. The
compositions of mineral phases were taken as - end-member
composgitions, since the rocks are too fine-grained for
conventional microprobe analysis, These reactions
therefore represent only a qualitative estimate of the

chemical changes in these shear zones.

The two reactions are presented below, and the mineral

formulas used are presented in Appendix I.

WM-14 wM-14
179 alb + .199 chlor + .050 zols + .014 Ksp + .027 cc +
(.510 K20 + .54b FeO + .479 Mg0 + 2.624 S105 + .131
SO02)flugd = .691 bio + 1.413 qtz + .02; sph + .066 py +

.026 ser + (.090 Na0 + .098 Ca0 + .582 Hpo0 + .027

CO2)f1utd

-1l4 -1l44

.526 qtz +..028 alb + .028 Ksp + .068 ser + .016 cc +

{.143 K20 + .676 FeO + .676 MgO + .272 S10p + .317 Hp0 +
.087.502)f1uy4d = .225 bio + .008 sph + .044 py + .004
zois + (.04 Naz0 + .016 CO2)¢iuid

whers alb = albite’ (identified. optically in sample \CUH-
141C), Ksp .- K-feldspar, zoils = zoisite, sar = sericite,

remaining mineral abbrevifatfons are the samea as those ‘used
in reactions 5.2 to 5.9




The results of these reactions are summatrized in Table

5.1 and Figure 5.5. A comparison of Figures 5.3 and 5.5

shows that these reactions predict chemical trends fairly

wvell, despite their qualitative nature,. Sodium ({s

released from both the mineral assemblages and from
shear zones, Vand potassium, iron and‘ manganese
consumed, althov;xgh the mngnit‘ude of the changes is not
predicted very accurately. Ca seems to b-ha;re variably-
and unpredictably, in both diagrams. _-_The reactions
predict a silica increase in the shear zones which 1s not
found i{n the whole ‘rock data. Minimum fluid:rock volume
ratios were calculated, based on the amount of H20 and COj;
consumed by the re:actions, and they are presented in Table
5.1, The ratios are smaller than those determined for.
sheared metabasic rocks, varying' from 2:1 to 4:1.
v

In summary, nearly every ‘majot elament has been
mobili.zedw in the shear zones by the hydrothermal fluids.
During alteration, flulds bearing K, Fel* Mg, Mn, +/- Si
were flushed through the shear zones depositing these

elements, and removing Fed+, Na, Ca, +/- §i, and locally




Figure 5.5 Gr%phé showing™ the gains (positive) or losses
(negative) of varioﬁs elements In shear zones hosted in

-

felsic to intermediate volcaniclastic rocks, as predicted

by balanced chemical equations between unsheared and

sheared rock pairs.

~




percent gains/losses of elements predic'fed by alteration reactions
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Mg 'and Mn. ) This changed the bulk compositions of the
sheared rocks which, together with the changes in pressure
and tempefature conditions, resulted in the development of

new mineral assemblages.

The <cations priesent in hydrous fluids were
inferred Iin the previdus section by balancing reactions
between the mineral. assemblages of the rocks inside and

outside of the shear =zones. In géneral, fluids whidh

‘moved through the shear zones contained varfable

abundances of most major elements, as well as Sr, Rb, Ti,

Cr and §.

Examination of fluid inclusions (Chapter 6) has ’hown
that hydrothermal fluids ctrapped In qyartz veins contain
variable amounts of CO3, CHg4, SOp, HpS, NaCl, CaClsy, KC1,
MgCly and FeClj. With the exception oé silica, tﬁese
major elements are the same as those predicted from the
bulk chemical and mineral assemblage data described above,

Microprobe analyses of chlorites (Appendix A) from'a
number of shear zones show that chlorine-is not present in

detéctable quantities (fi.e. <0.02 wt. 8). This, together
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with the opresence of severai chloride specias in fluid
inclusions, suggests that chlerine complexed with ions {n
solution in fluids in the shear zones, but did-not Ltself
react with the sheared rock. Thus chlor%ne does not negd

to be considered as a participant in the reactions, and
N

can be considered a catalyst.

Oxidatjon State

L 4

The oxidation stats 1{s calculated as ferrous 1iron
devided by the sum of Fe0 + Fej03. The oxidation state of
lron {n- sheared and unsheared samples 1{s summarized in

Table 5.2. Abundances of ferrous and ferric {ron from

major element analysés are presented {in Appendix E.

e

Most sheared samples ara r{§uced with respect to their

protoliths, wigﬁ a mean FeO/(FeO + Fe03) of 0.80 outside
of the shear zones, and 0.89 inside the shear zones. Oof
36 Qhear zones analyzed, there 1s a reduction of Fe f{n
32, In three shear zones, iron Ils oxidized relative to'
unsheared samples, with means of 0,89 and 0.78 outside and
in;ide the shear zones, respectivaely. One shear zone has
preserved the same oxidation state (0.84) as its protolith

(see Table 5.2).




N
{

Table 5.2 Comparison of oxidation sctacte of iron

(FeO/FeO+Fe203) in unsheared and sheared samples from the
¥

Mirage Islands. Most shear zones (32 out of 36) are

reduced relative to thelr protoliths, three are oxidized
and one has remained unchanged. Data on the oxidation
state of shear zones at Yellowknife are from Kerrich et

al., 1977.




Mirage Islands

/S

FeO XY
FeO+Fe203

Yellowknife basalts:

-7

metabaslites

Unsheared

range = 0.70
to 0.92

mean = (0,80

Sheared

range = 0.7Aq”
to 0.97

mean ~ 0,89

Total number
of samples

32 = reduced

/
i

range = 0.85
to 0.97

-mean = 0,89

range = 0.70
to 0.94

0.78

mean =

] -‘oxidized

0.84

mean unsheared
mean sheared -

- 0776
0.78

mean ore-bearing - 0.95

(Kerrich

et _al .,

1 = unchanged

1977)




b
At Yellowknife, Kerrich gt a] (1977b) found that

unsheared basalts have an average ferrous ironm to total

ra N -

- i -
iron ratio of O0.76. Sheared basalts are slightly more

reduced (0.78), and ore-bearing parts of the shear zones
(that 1is, those parts which have undergone extensive
sericitization and chloritization) contain 95% Fel*,
Although the trend between sheared and unsheared rocks at
Yalloﬁﬁhifa {s similar to that found In the Mirage
Islands, unsheaszed sample; in this study are, on average,
more reduced than unsheared Ye{} wknife basalcs. The
oxidation state in the sheai zongs ltgs between those of
the incipiently sheared r cks any the ore-bearing rocks

near Yellowknife.

Fyfe et al. (1978) and Fyfe and Kerrich (1976) noted
thatj in general, reglonal metamorphism aoes no; notably
change the qgidation state - of a rock, but where large
volum;s of fluid have Interacted with a rock, significant

changes 1in the I-‘ez"'/Fe3+ ratio may occur. Ascending,

cooling fluids are wusually accompanied by reduction,

whereas descending, heating fluids oxidize a rock (Fyfe. et

al., 1978).

Consider a model in which fluids ascending from 3-4

kbars pressure (10-12 km) to about 2 kbars pressure (about
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7 km) In the shear zones cool. with time from >500°C rto
about 350°C (as estimated in Chapters 2, 3 ;nd L) . The
solubility of quartz would then dro; from aboug 0.7 wt
to 0.2 wt % (see Fyfe et al., 1978, Figure 6715‘)}
resultins in the deposigion of 0.5 g of silica per 100 g

<
of fluid.

In shear zone CWM-145, almost 37 g of quartz have been
deposited in a 100 - g sample of sheared rock by a fluld
with a temperature estimated cé be 366°C (detarmfned from .
oxygen isotope fractionatlion)- The deposition of 37 R of

"silica woﬁld require 7400‘5 of solution according to the
above model, which corresponds to a flufd:rock volume
ratio of about 280:1, based on 100 g of rock with a

density of 3 g/cm3, and a fluid density near O.B‘g/cm3\

(determined from a specific volume of Pure H30 of

1.3_cm3/g). For a saline fluid, the density would be

slightly higher, and would result in a slightly lewer

fluid:rock ratio.

In a similar way, fluid:rock ratios can be
.\ 1 4 '

approximated for all shear zones, based on the amount of
)

silica which has been added to or removed from thae

system. Whole rock data show the cﬁange In si{lica content

in 100 g of a sheared rock relative to its protdlith. 1In

\» a few shear 2zones, fluid temperature has been determined
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from oxygen 1sotopes, and has a bimodal distribu.tion vith
means of 420 and 590°C‘(see Chapter 4); in the remaining
shear zones it is estimated to be 500°C‘. The solubilities
of silica In fluids at these three femperacures oand about

n

) kbars pressure a.re 0.30, 0.50 and 0.75 wt % in ordef of
"inc‘reasi:g temperature (Fyfe et al., 1978). -The density
of the flu%d is approximated as 0.8 vg‘/cm3, and that of the
rock 1is taken as 3 g/cm® and 2.6 g/cm3 for ‘ma'fivc and

.fels.ic to intermediate volcanogenic rocks, respectively.

Although the temperature estimate of 500°C may be in
error in some cases, it 4ds 1likely to be correct to within
about 100°cC. J Changfng the estimated :qm;:;eratur; in any
shear zone by 100°C affects the silica solubility by
approximately 0.3 wt % Si0;5, but does not change the order

of mignitude of the fluid:rock ratio. Similarly,

5 creasing or decreasing the fluid density by up to

/O—;‘}\g/c:m3 (which would account for the range of salinities

- .
estimated in the previous chapter), does not affect the

, . :
fluid:rock ratio by a significant amount.

t
v

Table 5.3 shows the fluid:rock ratlos raquired to
o . . . ‘\\
produce the observed changes Iin silica content at a given

-temparature."" These ratios range from 10:1 up to 350:1,

but all are only minimum.ratios', since they assume

' that: 1) the fluid was saturated with respect to silica;

-

&




JTable 5.3 Table showing the net increase (positive) or
s

decrease (negative) of silica in sheared rocks from the

:Mirage Islands, and the minimum fluid:rock volunme ra;:ios

required to produce these changes. The solubility of

quartz 1is .estimated to be 0.3, 0.5 and 0.75 wt & act 420,

500 and 590°C and 3 kbar pressure (see text), and the

rock volume 1{s based on densities of 3 g/t::m3 for baslc

rocks and 2.6 g/cm3 for falsic to Intermedifiate rocks.

Fluid density 15\‘estimated to be 0.8 g/cm3.
L 4
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Shear Zone 5102 Solub{lficy H20 required rock vol fluid:roe
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and 2) the chemical system was 100% efficient at adding or

removing S$S107 from the mineral asscmﬁlnge. '

Large fluid:rock ratios are cited by Fyfe ¢t _al., 19738
.and Fyfe and Kerrich (1976) as a meany by which the

A

Qxidation state of an altered rock may be changed.

From the above calculations, and fronm chemical
reactions presanted earlier in this chapteér, it {& clear

that large volumes of fluid have penstrated cthe Miruge

Island shear zones. The oxidation state of the sheared

-~
rocks is interpreted to indicate that the majority of
these fluids were ascending and cooling - derived,
Presumably, from & metamorphic or possibly an 1igneous

source at depth.

The local in:esence of oxidized iron Lin the shear zones
implies that in pla"cns fluids were 'descending‘in the shear
Zzones. Further evidence of descending hydrothermal fluids
comes fro:n the presence of carbonate vains locally. While
the solubility of silica decreases with decreasing
‘temperature, that of calcite increases under the same

conditions, thus carbonate veins would be expected to

precipitate out where hydrothermal fluids are descending,

and temperature is increasing.




/
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One posslble origin for descending fluids is /f/rom a

meteoric source. Isotope studies (Chapter 3) have

revealed that some of the hydrothermal fluids have oxXygen

isotopic compositions compatible with a fiuigi/;composed of
. //
a mixture of ‘metamorphic (or 1igneous) //nnd metesoric

waters. However the shear zones 1in whicf/: these fluids

occur do not correspond to those ,ﬁ;hich have Dbeen
/

a
/

oxidized. Unfortunately, the oxidize/,d/ shear zones have

not been analyzed for stable isotopes, and 50 no estimate

of the 1isotopic <composition of‘,«/their fluids exists.
/

/
Therefore, 1t is difficult to evaluate whether meteoric

water contributed to the alteration.

Alternatively, it is po/ssible that hydrothermal fluids

underwent convection vdn the shear zones, circulating

/ : .
downwards locally, wi/;:"h a net upward flow direction (see
/./ -
Figure 5.6). In this model, local oxidation in the shear

zones indicates/' the sites where downward flow has

occurred. It ,l"/s possible that meteoric flulds comprised
7 .

/
part of the circulating hydrothermal fluid.

Vs

/,I"n this chapter, it was shown that the shear zones

-

ag,éed as o_pex{ chemical systems during alteration, being

!

/,S’nriched in some elements, and depleted in others with




Figure 5.6 Schematic diagram showing the local downward

convection of hydrothermal fluids in a shear zone system
with a net upward flow direction. Overall, fluids in thls
nodel would be rising and co‘oling with time, but locally
downward-directed fluids would be increasing iIn

temperature.
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(\, | \ " /7 Igcal downward flow;

! | (qtz veins)

net upward flow; reducing fluids

oxidizing flulds
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‘respect to.their protoliths outside the shear zones. By
balancing reactions between thg- sheared add .unshearad
mineral assemblagos,, ic 1s possible to predict fairly
successfully which elements have 1increased in

concentration, and which have decreased.

Estimates of fluid compositions based on these
reactions, coupled with results from fluid {nclusion
analyses, indicate that most elements were transported tﬁ

" the shear zones as chioride complexes, and that chlorine

has not reacted with tha shQar.d rocks.

In most shear zones (about 90%), {ron {s {n a more
reduced state than in Gnsheared samples. This {8 evidences
that: 1) large wolumes of fluid have moved through the
shear zones, and 2) these fluids were sascending and
cooling with Ttime, Minimum fluid:rock volume ratios
estimated from silica _enrichment?depletioh are 1in the
order' of 10:1, and loc;ily are as high as 350:1,

supporting the former conclusion.

A few shear zones are oxidized relative to their
protolichs, from which the presence locally of descending,
heatting flutds can be inferred. These fluids may have

4

been derfved from moéooric waters which .mixed with

isoc$pically heavier metamorphic and/or, magmatic fluids.
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Alternatively, the oxidized shear zones may be evidence

for convective circulation in the shear zone system, with

.

net +upward-directed flow, but locally downward-flowing

cells.




Based on the results presented in previous chapters,
it can be seen that the rocks in the ;hear.zones on the
Mirage TIslands have wundergeone 'alcoration to variable
extents, with some eiements b:ing consistently enriched or

depleted, whereas others behave unpredictably, In this

chapter, the extent to which a reaction has proceeaded {n a

given shear zone is quantified, using the techniques of

Ferry (1980, 1983, 1985) and Thompson (1982).

~Ferry (1980, 1983, 1985) has defined cwo parameters
can be used to track the degree to which a rock is

The first method is a measurs of the alteration

{
which {3 defined simply as the modal quantity of

» secondary (or alteration) minerals in a sample, divided by

the sum of the primary (unaltered) and secondary minerals

(Ferry, 1985)., A completely unaltered rock will contain

no secondary minerals, and so wikl have -an alteration
fndex o€ Zero, whereas a completely altered rock with no
primary minerals preserved will have an alterxacion index
of one. This parameter may be applied to any sanple for

.

wvhich modal quantities of minerals are known, and does not
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require that  chemical analyses of individual minerals be

carried out.

The second measure of alteration progress 1s given by
£, the reaction p;ogress variable, which may be defined as
the number of moles of a specified qinetal produced by a
glven reaction (Ferry, 1983). In order to calculate the
reaction progress for a given rﬁck, its initlal; unaltered
state must be defined, and the reaction(s) which produced
the mineral assemblage in the finai. altered state must be
idongifiable. A reaction progress variable eq;al to zero
indicates that no feaction has occurred, and a value of

one implies that the reaction has gone to completion.

Methodology

For several shear zones‘in metaghsic rocks from the
Mirage Islnn&s, modal proportions and mineral compositions
" have been determined for unsheared and sheared rock
plirsr Therefore the rsaction progress variables and
alcteration indices may be calculated for the shear zZones,
using the unsheared samples as the initial and the shea;ed

samples as the final alteration states. This provides a

measure of the extent of alteration specific to each shi?l

~

zone, but does not provide a means of comparing the

reaction progress bstween the shear zones.




In the following sections, Ferry's (1985) alteration

index has been modified slightly to accomodate the fact
‘ . 4

that the infitial “"unaltered"” states f{n fact display

variable degrees of alteratfon in the different

-

protoliths. Thus, 1instead of presenting the absolute

values of the alferation indices for each unsheared and

sheared rock, the differences between the final and

s

initial states are determined. The valuss calculated
represent the amount of alteration each shaar zone has
"undergone, with no reference to a Biven starting polint

Thus a sheared rock whose change in alteration index (A1)

1s 0.8 is not necessarily more altered than one whose 4Al
Ay .

X,
is 0.7; it has merely undergone more alteration from 1its

initial (unsheared) stacte.

The reaction progress vagiableﬁ for the net transfer
reactions which characterize the alteration in the shear
zones are useful in demondﬁra;ing that the shear zones
acted as open chemigal -systems, and that the fluid
composition played an important role during alteration.

b




"The alteration index of a rock was defined by Ferry

(1985) as:

mode of secondary minerals

*(6.1) - Al =
. mode of primary + secondary minerals

-

In this stuvdy, the change in alcﬁracion index between

a sheared rock and its protolith s defined as:
o

1

(6.2) - AAl = Algheared - Alunsheared

In samples from the Miraga Islands, the mafic minerals

are used to track the alcteration state. Since most of the
shear zone alteration occurred under M2 (greenschisé
facles) conditions, the mafic alteration minerals are
those which equilibrated during M2 - namely chlorite and
biotite. Primary mafic minerals are therefore defined as
those minerals which were present before M2 metamorphism -
that s, amphibole and clinopyroxene (The latter {s
preserved in only two samples). The alteration indices
(AI)  of BDunshaar;d‘nnd 8 sheared gabbros and the changes
‘in Algeratlon indices )

( AAI) between the sheared and unsheared pairs are

presented in Table 6.1. A sample calculation is presented
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Iable 6,1 Alteration index (AI) for unsheared and sheared
rock samples, and the change in alteration Iindex ( AI)
calculated for unsheared/sheared eairs across each shear

zonea See text for definitions of AI and AI. ’




Unsheared-
Sample

.CWM-34A

CWM-35a
CWM-41A

 CWM-141A

CWUM-142A
CUM-149A
CWM-160A
CUM-163A

Al

.21
.14

.35
.39

.17
.01

.26
.12

Sheared
Sample

CWM-34B
CWM-35B

CWM-41B
CWM-141B

CWM-142B
CWM-149B

CWM-160B
CWM-163B

S

.00
.00
.00
.00
.00
.00
.00

.40

.79
.86
.65
.41
.83
.99
T4
.28

8lt




in Appendix C.

With the exception of sample CWM-163B, all of the
sheared rocks have alteration indices of 1.00, indicating
that primary minerals have bean entirely replaced in mosct .
shear zones. The alteration state of the unsheared rocks
ranges from .0l (99% primary minerals) to .59 (more than
half the primary minerals replaced by secondary
minerals). The degree of alteration in the shear zomnes
can be compared by reference to the calculated values of
bLAT. From Table 6.1 it can be seen that shear .zone
CWM-149 has.underg‘qne ‘the most alteration from 1its inicial

.state (aAI=.99), and CWM-163 the least (sAI-.28).

In the previous chapter, it was found that sonme major
elements behave predictably in the shear‘ed gabbras,
Volatiles, Fez*, and K get:lerally were concentrated in the
shear =zones, and Fe3", Na and Ca were removed. Other
elements, in particular Si, Mg and Mn: have no apparent
pattern in their distribution. 1In Table 6.2 and Figures
6.1 a - j, the changes in alteration state are compared to
the changes 1in concentration of these- elements, to

determine whether the extent to which they are enriched or

depleted wvarles systematically with the amount of

alteration the sheared rocks have undergone.




Lable 6.2 Comparison of Al (arranged in order of
increasing magnitude) with the change in concentration of
various elements (positive values have {increased in
concentration; negative values have decreased) across
s'hear zones on the Mirage Islands. The <change in
concentration of elements was calculated by subtracting

the concentration of a given element 1in the ‘unsheared

state from that in che sheared state; thus a positive

value indicates an enrichment, and a negative value

indicates a depletion of the element.




.41

2,31
-2.9

-2.90
.52
.17
.09

.30
.14
01

.01

CWM
41

.65 = .74

4.39 7.82
-la.2 -3.3

-6.44

-1.12

-1.71 -.
.95 0.0
.01 1.34

.24 -1.21
.16 .13
.02

.10

CUM
34

.79

1.87

-1.55
-.09
0.0

.16

CWM
142

-3.45

.15
0.0

.21

-1.23

.22
.01

11




\
Figure 6.1 GCraphs of AI vs. the change in concentration

.

of various major elements across shear zones on the Mirage

Islands. Results are discussed in text.
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As e;pected, the increase in §d1atile content of the
sheared rocks corresponds to an\increase in the alcteracion
index (Fig. 6.1a). Since a major difference between the
primary and Secondary minerals wused to define the
alteration 1Index is the abundance of water in the
secondary minerals, it 1is to be expected that the data

would roughly define a straight line with an intercept

close to the origin.

Figures 6.1c, d and e are plocts of ACa0, ANaj0 and
AK» 0 respectively, ;gainst DATI.  The changes 1in
concentration of these alkal{ne elements 4o not appear to
be functions of the extent of alteration, even though each
of these elements was found to he consistently enriched or
depleted in the shear zones,

L ]
Figure 6.1b is a plot of ASi07 wvs AAI. The behaviour

of silica between shear zones is apparently unrelated to

the difference ih alteration index.

In FigureVS.lf, the change 1in FeZ* content is plotted
against AAI. The data are somewhat scattered, but most
appear to define a line with a negative slope, implying
that the more alterati&n a sheared rock has undergone with

respecﬁ to its protolith, the smaller the magnitude of the
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F32+‘enrichment in that shea’ zone. Since the alteration

indices of most sheared rocks were found to be unity, then

unshéaréd rocks for which alceration indices are low (and

therefore have high values of AAI) must have Fel* contants

near those of theilr sheared counterparts,.while thosa with
high alteration indexes (and therefore low values of AAL)
must be depleted in Fe?* relative to their sheared

equivalents-

This suggests that at least some of the Fez+_which has
been enriched in the shear zones was derived from the
adjacent unsheared rock. Low values of Al in unsheered
rocks most likely resulted from hydrothermal fluids in the
shear zones penetrating into the surrounding wallrocks.
Interaction between these fluids and. the wallrocks caused
Fe?* to be removed from the protolith and concencrated in
the shear zones, resulting in the coincidence of low AAL
and high AFelt,
| \

YThe difference in Fe3* content is piotted against AAI
in Figure 6.1g. The two shear 2zones with the lowest
values of AAI are slightly enriched in F93*, and the rest
are depletead. Overall, the magnitude of the Fe3*
deplétion increases with <the amount of alteration

experienced by the shear zone.
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It was noted invChapter 5 that the oxidat;on state of
iron is more reduced within the shear zones than ofitside
of them. Figure 6.1h 1s a plot of the change in oxidation
state gainst AAI. It shows that the shear zones in which’
the most alteration occurred are also the most réduced.
Combin{hg the results of Figure 6.1h with 6.la, it can be
concluded that the shear zones which are the most enriched
in volatiles have undergone the most reduction, and that
the fluids therefore must have been reducing fluids, as

suggested in the previous chapter.

a

In Figures 6.1i and J, AMg0 and AMnO are ploctﬁg
against AAI. Like 5107, these elements were found to

behave unpredictably between the shear zones, and Figure

6.1 reveals that thegre 1s no systematic variation between

their enrichment or depletion and the change in altertion

1d

index.

Resction Progress

In order to monitor the reaction progress in each
shear zone, the reactant and product minerals must be

identified, and the reaction(s) which produced the final

-~

assemblage must be known. Although modal quantities and
mineral compositions vary between the shear zones, the

unaltered basic agsemblages . are composed of various

-
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iproportions of amphibole +/- clinopyroxene + plagioclase +
epldote +/- chlorite +/- calcite +/-.quafcz +/- serficite
+/- pyrite +/- sphene, and the altered assemblages contain
chlorite + albite + gquartz + calcite +/- biotite +/ -
epidote +/- sericite +/- amphibole +/- sphene +/% pyrite.
A simplified net reaction between these two assemblages
would involve the hydration and carbonation of amphibole,
plagioclase, epidote and locally clinopyroxene to produce
chlor{te, albite, calcite, quartz, and locally biotite
(Cgaptar 3). All of the net shear zone vareactions

presented 1in Chapter 5 are modelled as open chemical

systems.

\\
In Table 6.3, the additive components for each mineral

involved in <the reactions are presented. To simplify

calculations, pyrite and sphene have been left out, since

they are accessory minerals, and do not play a significant

role 1in the reactions. The additive components are
idealized formulae as recommended by Thompson (1982),
which 1i'e near the average formula determined from all
chemical analyses of each mineral. Mg in the formulae

represent the sum of Mg + Fe + Mn.

Thesq additive components can be combined with the
appropriate exchange components from Table 6.3 to produce

the true compositions of the mingrals in a given reaction.




Iable 6.3 Additive and exchange components for the
minerals involv¥gd In the net transfer reactions used to

characterize alteration in shear =zones on the Mirége

Islands.

.




Additive Component Exchange Components

/

albite . N5A151303 s ) CaAlNa_151_ 4

andesine Ca 3gNa g5Al) 35517 503 CaAlNa. 151 _ 4
Quartz 510,

o
Calcite CaCoO3

-—

Epidote CapFe3A10513071 (OH)

Diopside <CaMgSigOg
Amphibole CapsMgs, gAl 2Si7 5Al 5099(0H),

Chlorite Mgg 5Al17 5Sig5 s5Alg 5090(OH) ¢

Biotite KoMggSigAla0s0(0H) 4




X

As {n Chapter 5, epidote {is taken as 1deal epidote

230

(anFe3+A120513011(0H)), and the only exchange component

considered for biotite is FeMg_.y, for simplicity.

Five i{ndependent net transfer réaccions have been
L

{dentified which characterize the reactions that have

¥

occurred within the shear zones. They are:

(R6.3) 1.979 amph + 1,08 ep + 7.575 €02 + 5.117 He0 =

1 chl + 7.575 cc + 14.769 qtz + .904 Fep04
741 and + .259 Naj0 + 1.037 qtz = .259 Ca0'+ 1 alb

2.857 amph + 1 K0 + 5,714 COp =
35.714 cc + 1 bio + 7.714 MgO + ,857 Ho0 +

15.429 qtz

.6) .655 diop + .465 H90 + 1 CO9 + .172 ep =
.069 chl + 1.448 qtz + 1 cc + .08B6 Fep03
” . -
6 diop + 1 ep + 1.5 H20 + 1 K20 + 8 COy =
1 bio + 9 qtz + 9 cc + 1 Fey03
Abbreviations: amph = amphibola, ep = epidote, chl =
chlorite, qtz = quartz, and = andesine, alb = albite, bio
[

= biotite, diop = diopside

Two of these reactions produce chlorite, two prodhce




1
i

biotite, one produces albite gﬁ&éTQbur brod;ce calcite.
R6.6 and R6.7 are only appiiégg{;" to two shear zones
(CWM-34 and CWM-35), since pyroxene 1is only preserved in
two unsheared samples. . Reactions in tha remaining six

. ’ .
shear zones can be characterized by R6.3 to R6.5. From
these reactions five different reaction progress variables

(E) may be defined as follows:

€1 . moles chl produced by R7.31

E

.9 Ea . moles alb produced by R7.4
E3 no. moles bio produced by R7.5

no. moles cc produced by R7.6

LY

£s -(no. moles ep produced by R7.7)

Combining equatlons R6.3 to R6.12, the following five

equations can *be written for the two shear zones with
[¢)

pyroxene preserved in the proEoliths:

>

.13) no. moles chl £1 + .069E,
in sheared sample

.14) no., moles alb €,
in sheared sample

.15) no. moles bio €3 + Eg
in' sheared sample

.16) no. moles cc 7.5756; + 5.714E3 + £, + 9€
in sheared sample

.17) no. moles ep -1.08€; - .1726, - &4
in sheared sample
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For «cthe remaining shear =zones, no pyroxene is

preserved in the wunsheared rocks, and the following

equations have been determined from R6.3 to R6.5 and R6.8

to R6.10:
(R6.18) no. moles chl = §&;
in sheared sample

(R6.19) no. moles alb - £9
* in sheared sample

(R6.20) no. moles bio - £3
in sheared sample

The two” shear‘ zones with pyroxene 1involved in the
alteratlonlraaction are considered first. In R6.13 to
R6.17, the numb‘eri: of moles of each mineral produced by “the
alteration can be taken from R5.2 and R5.3 (in Chapter 5),
which give the net alteration reactions for each of these

shear zones. For shear zone CWM-34 (reaction R5.2), the

following aubstitutions have been made:

.089 = £1 + .069¢&,
.102 = 62‘
.010 = B3 + Eg
.186 = 7.575€) + 5.714E3 + &, + 9E4
-.114 = -1.088) - .172€, - g5
-
Solving these five equations algebraically yields the

foliowing values for : By = .25, £, = .10, £y = -.23,
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£ = -2.3, £5 - .24, \Only values of £ between 0 and 1
are meaningful; the negative values result from the fact
that the chemical system was open, and several etem'ents
were introduced to or removed from the system which werae
not a part of the {initial or final mineral assemblages.

Thus, calculat\ions of the ~reactlon progress varlables

using a model for a closed chemical sjstem yleld

meaningless results,

It is therefore necessary to try a slighely diffel’el‘.lf.
approach. The reaction progress vari;ables may be
approximiated using the molar proportions of the reactant
minerals in the unsheared rock, together with modal ratios

of minerals in R6.3 to R6.7.

If the only reaction to produce albite in shear zone
CWM-34 was R6.4, then £2 = .102. If some albite was
produced from elements introduced by the Ffluld (for
instance, in Chapter 5 1t was found that some Na was
{incroduced into tiw fluid by the breakdown of amphibole),
then £; would be less than .102, and {f soma of the albice
proa'duced by R6.4 was subsequently removed by the fluld,
then 52 would be greater than .102. Since the chemical
system was open, it is diffucult to determine how much
"albite was produced or consumed by the fluid phase, and so

52 is approximated as .102, based on the assumption that
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.the majority of albite in the sheared sample was produced

by R&6.4.

, a

Chlorite was produced in R6.3 from amphibole, and in
R6.6 from diopside. The molar ratio of amphibole:chlorite
in R6.3 1= lpproximata'iy ‘2:1. and ’thac- of
diopside:chlorite in R6.6 1‘3 about 10:1; therefore, éiven
that the other reactants are present in excess quantities,

1 mole of chlorite can be produced from 2 moles of

amphibole or 10 moles of cpx.

The net alteraction reaction in shear zone CWM-34
(R5.2) has .300 moles of cpx and .060 moles of amphibole
among the reactants,. These molar quantities imply that
.03 moles of chlorite may be prc:duced from cpx by R6.6,
and .03 moles chlorite may be produced from amphibole by
R6.3, assuming cthat Both reactions go to completion (that
s, €1 = €4 = 1). The total number of moles of chlorite
from R6..3 and R6.6 wou}d therefore be about .06. This {s
slightly l‘ess than the total jmount of chlorite actually
produ'ced in the shear zone (.089 moles); Ihowever elements
introduced into the shear zone by the hydrothermal fluids
have not been considered here, and they could account for
the remni‘,ndtr of the ;:hlorite. .The t:votal number of moles
of FeO + MgO + Mn0 estimated to .have been put 1ntc; the

system by the fluid is .207 (R5.2). Generally, Fe, Mg and
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Mn wvere, found to occupy about 9,35 oct:abedrnl sites per -
mole of chlorite In sheared samples (App’nndix A, Chapter
3), therefore the number of\moles of chlorite that .‘20]'_
moles of FeO, Mg0O and MnO could produce (when combined
with enough Al, §i and He0) s «l07/9.35 = 022 moles.
Thus the total amount of chlorite expected In the sheared
rock, given £ =64 = 1, and considering the {input of
@lements by the hydrothermal fluid would be approximately

-06 + .022 - ,082, which corresponds more clogely to the

actual molar quantity of chlorite found in the shear zone

(.089 mo_le's).)

Biotite 1s produced by R6.5 from amphibole, and by
R6.7 from diopside, The ratio amph:bio {s about 3:1 {n
R6.5, and diop:bio 1s 6:1 in R6.7. The molar .quantities
of amphibole and cpx in the reactants in she'nr zone CWM-34.
(R5.2) suggest that the amphibole could prodyce up to .02
moles of biotite by R6.5 ar:d the c'p'lx could produce up to
-05 moles of biotite by R6.7, for a total blotirte content

of .07 moles.

Since the <total amount of biotite 'present in the
sheared sample is .010 moles, then E3 and g -;nust be less
than 1. If g4 and'85 are each .14, then the total number
of moies of bilotite produced would be approximately .01.

€3 and £5 will have slightly lower values if some Hiotite
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fs <considered ¢to .have been produced from elements

introduced from an exteftnal source.

Thus the reaction progress variables for fhsar zone
CWM-34 may be approximated as €3 = 1.0, €, = .10, &3 =
.14, €4 = 1.0 and §£5 = .14. The number of moles of
epldote produced by R6.3, R6.6 and R6.7, glveh by R6.17
should be:

ep = -1.08€; -.1726, - €5 )
= -1.392 moles; or +1.392 molés consumed.
’

In fact only .114 nmoles are consumed, fmplying that

the remaining 1.278 moles of epidote were released into

‘the fluid. This is compatible with the losses of Ca and

Fa3+ racorded in the shear zone (Chapter 5), and suggests

that some of the epidote was consumed by reactions other

than R6.3, R6.6 and R6.7.

Similarly, less calcfte is actually present in the

sheared rock than would -be predicted from R6.16:

SQ = 7.575681 + 5.714€3 + E4 + 9Es
v

= 10.63 moles,.

If che approximations of reaction progress variables
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are correct, then a large amount of calcite was removed

from the system by the hydrothermal fluids.

For shear zone CWM-35, similar estimates of reaction
progress varlables can be made. Once again, solving Ré6.12
to R6.17 for the molar quantitfes of minerals in RS 3
(below) ylelds meaningless values of E. From R5.3 the

following substitutions have been made:

chlor = .124 = £3 + .069¢,

alb = .154 = g,
bio = 0 =f3 + &5

ce - .13; - 7.575€&) + 5.7148y + &, + 9E5
ep = -.140 = -1.088) - .172§, - s

If the only source of albite in the sheared rock {s
from reaction R6.4, then €, 1is approximaglly .15. The
maximum number of moles of chlorite produced from
amphibole by R6.3 would be'about .03, and from cpx by R6.6
would be about .03 (assuming €] = €, = 1, and the other
reactants in R6.3 and R6.6 are present in excess, amounts),

which accounts for .06 moles, or approximately half of the

chlorite.

The reactants in R5.3 {include .008 moles of biotite,

vhich {s assumed here to have been present 1in the
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protolith, No blotite. is present in the products,
inferring that none was produced by R6.5 or R6.7,'so'that
€3 - Eg5 = q. (Alternatively, the biotite produced by
thesa reactlons was removed by the fluids, 1in whiéh case

estimates of €3 and €5 are not possible.) The biotite on

the reactant side of the alteration reaction was probably

5
hyd??ted to produce chlorite plus K90, accounting for some

of the excess chlorite -"on the reactants side. The
remainder oFf the chlorite must have come from elements

introduced into the shear zone by the flulds,

For shear zone CWM-35: &) = 1, €5 = .15, €3 =0, g, =
1 and Es = 0. Therefore the maximum amount of epidote

produced from R6.3, R6.6 and R6.7 would be:

ep =~ -1.08%; - .172€&, - €5

7 = -1.25 moles, or +1.25 moles consumed.

The maximum amount of calcite that could be produced from

R6.3, R6.5, R6.6 and R6.7 would be:

cc = 7.5758&) + 5.71484 + g4, + 9&5

- 8.57 moles. -

Clearly, significant amounts of these two minerals have

¢

been mobilized by the hydrothermal fluias.

.




The remaining six she;r zones have no cpx preservad in
their protoliths, and so the calculation of reaction
progress variables 1Is simplified. R6.18 to R6.20 define
£1, €2 and €3 as the number of moles of chlorite produced
by R6.3, the number of moles of albite from R6.4 and the
numbér of moles of biotite from R6.5, respectivaely. As
demonstrated for shear zones CWM-34 and CWM-35, cthe fact
that the chemical systems are open to elemants from
exte:;al sources complicates the calculation of the
reaction progress variables.

ot

In shear zone CWM-41, no biotite is produced by the
alteration, although a small amount of biotite is present
among the reactants (R5.4). Thus £3 is approxlmaiely 0.

In the same shear zone, .073 moles of chlo;ite wvere

produced from .159 moles of actinoclite. From t\: molar

- proportions of amphibole and chlorite in R6.3, cthe max{mun
amount of chlorite that could be produced from .159 molgs

" of actinolite by R6.3 Ls about .079, which suggescs that
€ 1s roughly .073/.079 = .92, and that aome anmphibole is
left over which has not been altared. In fact the sheared
rock contains no aqphibole (see Appendix G), which means
that: 1) R6.3 went to com#letion and used up all of the
amphibole (and therefore 1 = 1), but some of the chlForite

was removed by the fluids; or 2) €; {s less than one, and
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the remaining amphibole that was not consumed by the
formation of chlorite was removed by the fluids. Since
the major compositional difference between amphibéle and
chlaricte 1s the higher calciug and silica contents 1in the
amphibole (as well as a ;;enter volatile content 1in
chlorite), the net depletion o™ Ca and Si measured for
this shear zone (Figure 5.2) would suggest that the\latter
was the case, and that excess amphibole went 4{into
solution. Based on this assumption, £ 1is probably closer

to .92 than to 1.0.

If R6.4 was the exclusive source of albite {in the
sheared assemblage of this shear zonel then €9 = .06. If
some of the albite produced by R6.4 has subsequently been
removed by fluids, then &9 will be greater than .06, énd
conversely if some of the albite was produced fronm
elements put into the shear zone by fluids, then €2 will

be less than .06.

r

From €7, £7 and €3, the number of moles of chlcit“ can

be estimated as:

mol cc = 7.575€; + 5.714&,

- 6.8

In fact no calcite was found in the sheared sample, and
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.011 moles of calcite were consumed by the net alteration,
(see R5.4) suggesting that calcite was mobilized in the

shear zone by the flulid.

Estimates of the reaction pragress variables for the

v

remaining five shear zones are presented in Table 6. 4.

The values of £) are generally high (>.8), while those of

€2 and g3 are low (<.25), The high values of g; are in
accord with the observation that 1in ;very shear zone, al}l
or nearly all of the amphibole has been replaced by
chlorite. h

‘

The amount of calcite produced from R6.3 and R6.5,
given the values of £] and £1 from Table 6.4 exceeds the
amount of calcite found among the preducts 1in every
sheared rock. Howe;er, in an open chfmfcal system with
ascending cooling fluids, the solubili of calcite would
be increasing, thus the removal of calcite from the

sheared assemblage would be expected.

Conclusions

It can be seen that the reaction progress variable can
be used to track the extent of mineralogical changes.
However, 1its application to open chemical systems s

limited by the uncertainties involved in estimating the




Table 6.4 Estimates of reactlon progress wvarlables for

the net transfer reactions which characterize alteration

in the Mirage Island shear zones, 1.5 defined in text.




Shear Zone £1 €9 . £3 Vﬁh Es

|2
- \
CWHM-34 1.0 . 1Q 14 1.0 .14
CWM-35 1.0 .15 0 1.0 0
CWM-41 . .9 to 1.0 .06 0 .-- .-
CWM-141 1.0 .19 11 e e )
b
.CWM-142 .8 to 1.0 .07 .24 .- e
CWM-149 1.0 .01 .06 --- --- |
CWM-160. 1.0 .12 .12 --- .-
CWM-163 .8 to .9 .08 1.0 .- .- .
~
- N
~ -
. 7]




effect the fluid has had on a given reaction.

In open chemical systems such as the shear zones on
.the Mirage 1Islands, alteration index is a simple and

effective means of monitoring the reaction progress and

of comparing the alteration states of different altered

rocks. The change in alteration index (A AI) between
unsheared-sheared pairs seems to vary systematically with
the changes in concentration of volatiles, Fel+ and Fe3+,
but does not appear to be a function of the changes 1n

concentration of alkaline elements, Si, Mg or Mn.

Alteration in the shear zones entailed the Eydration
of amphibole and clinopyroxene to produce chlorite and
biotite, and albitization of plagioclase. These
mineralogigal changes can be represented by a ‘few
independent net transfer reactions which, when added
together, produce the net alteration reaction which has
occurred in gach shear zone (presented in Chapter 5). A
reaction progress variable can be defined for each net
crnnsfet teaction; however solving for these variables i3
complicated by the fact that the chemical ?ystam was not
closed. In every shear zone {t i{s likely that reactions
Involving elements carried in solution by the hydrothermal

fluids have contributed to the mineralogical changes
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observed. Unfortunately, since the fluid compositions can
only be estimated from fluid 4inclusion data and from
changes in mineral chemistry, the effects of these open

reactions cannot be quantified. Overall it was found that

reactions 1involving the formation of chlorite at the

P

expense of amphibole (+/- cpx) have values near 1, and

albite-forming reactions and reactions involving biotirte

formation have low reaction progress variables (<.25).
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CHAPTER 7: DISCUSSION AND CONCLUSIONS

Supmary

The volcanic rocks of the Mirage Islands comprise a
felslic to intermediat%volcaniclastic suite with
intercalated basaltic flows; intruded by 1gabbro dykes and
sills. Primary textures preserved “in the supracrustal
r;cks imply a subaquecus origin atv\a depth near that of a
continental margin. " The suite 1is interpreted to be
correlative to the’.Banting' ‘Group of 'the Yellowknife
Supergroup. The' Hifage Island rocks were intruded to the
west by a composite batholith kno'\m as the Western
Plutonic Compiex, and possibly in the south by another
inferred plutonic body.

o KX

Rocks on the Mirage Islands have vunder-gone two phases
of me.tamqrphism: a mid-amphibolite faciés event (Ml),
during wvwhich temperatures reached 600°C and pressur‘e is
estimated to have been betwveen 2 and 5 kbars; and: a

retrograde greenschist facies event (M2) with temperatures

of 400 to 500°C, and pressures near 2 to 4 kbars,

Temperatures during M1l are compatible with conditions

adjacent to a granitic pluton, in this case the Western

i

Pl
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Plutonic Complex and/or the plutfon inferred to be present
south of the West Mirage Islands, and so the heat source
for the amphibolite fdcies metamorphism is interpreted to

be plutonic.
It “ls believed that shearing was initiated dur ing Ml
since ctemperatures from oxygen 1isotopes show that a few

shear zones have preserved isotope fractions which

equilibrated near 600°C.

Following peak M1l metamorphism and shear zone
initiation, regional greens‘;chtst metamorphism (M2)
prevailed on the Mirage Islands. Low pressure greenschist
facie; metanorphism has occurred throughout .the -

Yellowknife Supergroup, and it 1is believed that this low

grade metamorphism accompanied and outlasted M1, the

lactter befng spatially controlled by plutonism.

Retrogression 1in the permeable volcaniclastic rocks is
extensive, whereas the less permeable gabbros have locally
preserved amphibolite facies mineral dssemblages.

~

The shear zones developed during Ml acted as condults

-

for the flow of hydrothermal flulds during M2. Extensive

hydration, chemical alteration, and 1isotope exchange
ensued as large volumes of  fluid ascended through the

shear =zones, cooling with time. The presence of sgeveral
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generations of secondary fluid {Inclusions attests to

continued fluid flow during cooling.

The extent of hya‘ration {s variable between the shear
zones, and as a result the re-equilibration of oxygen
isotopes wvaried, thereby yielding a range of formation

temperatures for the shear zones, Equilibriun

temperatures in shear zones which re-equilibrated during

M2 range from 470 to 350°cC. Formation pressures,

estimated from primqry fluid inclusions in quartz veins,
are low - from 0 to 0.75 kbar - and fram this it 1is
inferred that movement and deposition of quartz Yn che
shear zones contfinued during M2. . Displacement produced
local dilatant zones in the shears in which pr;ssures may

have been reduced sufficlently to cause boiling of the

fluia.

The fluid which moved through the shear zones was not

in equilibrium with the rock, since fluid-roeck interaction

-~
- e

produced not only changes in the mineral assembftages, but
also in the bulk chemical compositions (including the
oxygen isor;opic compositions) of the sheared rocks. In
general,_éheared metabasites were e’nriched in volatiles,
K, Rb, Fe2+, and 180. and were depleted {n Na, Ca, Sr,
Fed*

» and Si as a result of hydrothermal alteration. Mg

and Mn do mot show a consistent pattern. Sheared felsic




to Intermediate volcaniclastic rocks were enriched
volatiles, K, Fel®*, Mg, Mn; and were depleted in Fe3*t,

and Na.

Oxygen isotopic compositions <ca1"culated for the
hydrothermal fluids lie in the ., ranges E defined tor
metamorphic and 1igneous fluids. The source Tof lth»
hydrothermal fluidsy is therefore n°t‘knv°wn for certain
However, during shear zone initiation it 1igs likely cthat
the magmatic fluids circulating about the Weste‘x"n.Plutonlc
Complex or the 1nferred‘p1uton (or both) were present in
the shear zones, sincé the shear Zones were fdrmed during
M1, which accompanied plutonism. As shear zone alteration
continued into M2, it is probable that metamorphic fluids

contributed to shear zone alteracion, although the

possible role of igneous fluids cannot be disproven.- The

oxygen isotopic compositions calculated for the fluids in

the M2-equlilibrated shear zones imply either that:
1) there was local input by circulating meteoric water: or
"that-2) the fluids reacted extensively {n the shear zones

thus becoming depleted in 18¢,

[

{

Iron in the shear zones is generally in a more reduced
“state than in the adjacent unsheared rocks, {mplying that
large volumes of hydrdthermal flulds were ascending and
cooling with time. The presence of a few oxidized shear

N
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zones implies the existenc; of descending fluids, efther
due to convection of the metamorphic (+/- igneous) fluids,

1
or the presence locally of meteoric water.

,I

t

Fluid:rock ratios have been estimated from the amount
of wvolatiles incorporated into the sheared nmineral

asemblages, and from the amount of silica consumed or

released during alteration. Ge::ﬁq%%y the minimum ratios

are on the order of 10:1.

v

Shear Zone Model

In this section, a model 1{s propésed for the formation
and alteration history of the Mirage Island shear zones,
in 1light of the metamorphic, history and {interpreted
geology. lt is subdivided into three stages, involving
the intrusion of the plutonic bodies into the voléanic
pile; the formation of the shear zones .during M1 as a
result of plutonism; and the subsequent flushing of large
volumes of fluid through the shear zones during M2.

The first stage is illustrated schematically in Figure

7.1. The intrusion of a plutonic body into the

supracrustal sequence produced a thermal aureole and




Figure 7.1 Deposition of the Mirage Island supracrustal
sequence was followed by the iIntrusion of one or more
plutonic bodies. Their intrusion produced amphibolite

facies contact metamorphic aureoles on the surrounding

rocks. Arrows indlicate the direction of movement of the

pluton.

-
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inciated M1 amphib\lite facles metamorphism, Ic is
uncertain whether the supracrustal rocks were undergtlng
reglonal greenschist faclies metamorphism at cthe time, as
contact metamorphism and subsequent retrogression have

overprinted any pogsible evidence of it.

In the second stage (Figure 7.2), the volcanice package
was deformed and tilted {into icts preseﬁé, near vertical
orienctation as the pluton continued to intrude. 1In this
model, the pripciple Eompressive stresses Imposed on the
country rocks by thg intruding body would have beesn
approximately horizontal and orifented north-south {n the
area of the West'Mirage Islands, resulting in faults that-
were steeply-dipping east-west structures with south side
up displacement. Limited kinematic data from the West
Mirage 1Islands 1indicate that displacement was actually

oblique slip.localiy.

‘Following plutonism ;nd shear zone initiation during
M1, regional greenschist facies metamorphism (M2) ensued.
The final stage of the shear zone history entails the
focussing of large volumes of mectamorphic fluids }n the
shear zones. Asceﬁding hydrothermal flulids derived from
dehydration reactions at depth (plus possibly some relict
igneous fluids associated with the adjacent cooling

pluton) moved through'tﬁe shear zones, changing both the




d

Flgure 7.2 During the intrusion of the Inferred pluton
the volcanic units were tilced into a subvertical
orilenctation. Subhorizontal north-south stresses around

the pluton produced a series of steeply-dipping, east-west

striking, south side wup shear zones 1In the overlying
rocks, Arrows 1Indicate the direction of movement of the
pluton.




Shear Zone Formation

south side up displacement
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mineral assemblage and ‘the bulk chemistry of the sheared

-

rock (Figure 7.3).

As the fluids ascended and the temperature Aropped,
anastomosing, schistosity-parallel quartz veins were
deposited. Locally, hydrothermal fluids descended in the
shear zones, and caused the precipictation of ;arbonate
veiés. The behavior of the fluid caused an overall
reduction of {fron Iin the shear 2zones, but 16ca1 zones of
oxidation occurred. The descending fluid may have been
derived from meteoric water near the surface, or 1t may

represent localized convection of the fluid, which has a

net upward flow direction (TFigure 7.3).

Incremental movements along the shear zones continued
during (M2), producing localized offsets inside the shear
zones, and resulting in several generations of secondary

fluid inclusions.

In the Mirage Islands, the amount of alteration and
th;'equillbrium temperature is variable between the shear
zones . This is not interpreted to 1imply that the
formation of individual shear zones occurred at different

times, but rather that the final "closing"” of the shear

zones varied with time. 1In Figure 7.4, this is




Figure 7.3 Following the formation of the shear zones

hydrothermal fluids derived from regional greenschist

facies metamorphic reactions (perhaps accompanied by
magmatic fluids associated with cooling’ of the 1inferred
pluton) were focussed in the shear zones. Amphibolice
facies (M1) assemblages were - re-equilibrated to
greenschist facies (M2) assemblages 1in the presence of
these fluids, which also produced changes 1in the bulk
chemical compositions of the rocks in the shear zones.
The net flow-direction of hydrothermal fluids in the shear
zones was wupward, buct locally downward-directed flow of
fluids (either frogl a meteoric source or as a result of

convection) occurred.
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illustrated schematically on a temperature-time plot. The
shear zones were formed during M1, which accompanied
plutonism, and weretinitially alcered by fluids derive&
from a magmatic source. Hydrothermal alteration continued
after the cooling of the pluton, with metamorphic fluids

derived from M2. Alteration {n some shear zones ended
*

e .

follgﬁing Ml, while 1in others it lasted well into M2,

—

resulting in a range of final alteration staFes and

measured equilibrium temperatures.




Figure 7.4 Schematic temperaturé - time plot showing the

interpreted timing of shear zone formation (syn-Ml), and
the variable timing of shear zone closure (during M2),

Because the closure of the shear zones varied with time, a

\

wide range of equilibrium ctemperatures and alteration

states is observed.
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Minerals were analyzed gn a*Jeol JXAS50A electron probe

X-ray microanalyzer, The, standard‘huad was a

clinopyroxene (ACPX) with the following composition

(expressed as wt % of oxides): Na20 = 1,27, Mgb - 16.65,
A1203 = 7.86, S102 = 50.73, K20 = O, Ca0 = 15.82, Ti{0? =~

0.74, MnO = 0.13, FeO = 6.76..

The results were found to be reproducible to within

.
about +/- 0.05 wt, 3w, and most elemegts, with the
ekception of Si and Na,ihave an‘estimated accuracy ofi

+/- 5 % of the reported values (H. Longerich, personal
cémmunication, 1986). The lowerylimit ;f deteetloﬁhBE an
element is approximatel& 0.02 wt .

Results of mineral analyses used in this stddy are °

. presénted on the following pages. "Wt %" refers to the

&

veight percent oxide in a mineral,- and "form* refers to
the stoichiometric number of each caction in one formula

unit oé a mineral;’ Calcic amphiboles were normalized to

E3 cations excluding Ca, Na, and K, after Robinson et al

(1982). Plagioclase formulae were calculated to &*oxygen,

8

and chlorite to. 28 oxygen.
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The quality of analyses is variable. ,In particular,

‘Plagioclase wt % totals were found to have a wide ‘ ‘

range.. Because the standard used to calibrate the probe

has a low Na content, Na {s likely a major source of error

. /

in‘albite’analyses;

In the section on plagioclase chemistry (Chaptei 2),
analyses with wt & totals outside of the range 98 - 102 s,
but which yielded constant ~Ca:Na ratios wvere taken as
acceptable, since they were only used to compare aporthite

contents of plagioclases, In the section on thernometry

.
L4

(also in Chapter 2), calculations were restricted to those
.plagloclases with .totals between 98 and 102 we %, fhose
w%th tetals outside of 99 - 101%, but between 98 and 102%
are indicated in'the text with an asterisk (*). Errors

inherent in the temperature calculations using Sbear's

(19?9} 1981) thermometers are estimated to be +/- 70°C for
plagioclases with totals between 98 - 99% and 101 - 102s,

verspsv+/-°50 C for plagioclases with totals between 99-

¢

101s.

" Chlorite analyses were found to have wt &% totals
between about 85 and 88%. Analyses near the lower end of

. \ : -
this range have silica contents lower than expected for

:.chlorite. and thereféreathe main source of error 1n,thesé

analyses is believed to be a result df poor silica totals.
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Unsheared gabbro sample:

Na20
A1203
si102

- K20

Cal
FeO »
Total:

Unsheared®gabbro

" Na20

Al209%
S102
K20
Cal
FeO

Total: _ 99,

Na20
A$203
sf{o2
K20
QaO
FeO
Total:

. 65,

wt

1.18
18.93
67.08

.03
.15
.01

98.80

wt

11
01
39
0.10
2.98
0.10
69

10.
21.
66.

10.
21.

20
59
02
0.05
3.83

-

3

0.10

100.79

form

.02
.00
.99
.00
.01
.00

5.02

sample:
form

.86
1.08
2.9%90

.007

.14

.00

2

.87
1.12
2.85

S 00

.18

.00
5.02

- Wt

10.
20.
66 .
0.
.78
. 0.
4.98. 101.

CWM-15 <plagioclase)

CWM-34A (plagioclas

92
46
87
04

06
13

Unsheared gabbro sahple:

Na20
MgO
Al203
Si02
K20
Cal
Ti02
Mno

Ferot ,

Total:

‘Wt %

.83
12.15
5.31
47 .26
0.27
10..25
1.09
.39
16.95

2.

form wt
.24
.73
.95
.99
.05
.66
.12
.05
08

13.06
6.44
47.04
0.34
'11.57
.58
.34
15.55

.94

94 .62 14.

82

CWM-34A

3

1.
95.86 15.16

form

.92
.05
.91
.00
.13
.00
.01

form

.27
.88 12
.12,
.96
.06
.84
.06
.04
93 16.
97,

¥

5

Y

" 10,

wt &%

51
20.73
66.63
¢.70
2.88

0.07

v

e)

. form

.89
.07
.91
.00
.13
.00
5.00

(amphibole)

wt

.75
.64
.43
50.
0.
11.
.63
.31

42
29
20

32
96

$

21
2.72
.92
7.28
.05
'1.73
.05
.04
(1.97
14.97

form

12.
5.
47.

0.

10.
1.

16.
94
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Sheared gabbro sample: , CWM-34B (plﬁgioclase)

wt form wt % form
Na20 11.91 1.02 11.81 1.04
Al1203 20,23 1.05 19.88 1.07
si{02 65.99 2.92 62.94 2.84
K20 - 0.05 - .00 0.25 .00
Ca0l 1.21 .03 0.93 .04
FeO 0.17 .00 1.61. .06
Total: 99 .46 5.04 97.42 5.06
~ Sheared gabbro sample: CWM-34B (chlorite)
wt % form wt 8 form
Na20 .00  ..000 .04 .012
MgO 16.50 5.209 16.68 5.337
Al203 20.57 5.135 20.41 5.161
$102 25.77 5.458 24.72 5.306 -
K20 @ 02 .000 .02 .000 ’
Cal .02 .000 .03 .006
T102 .06 .006 .05 . .004 : pu
MnoO .28 .04 - .25 .044 '
FeO 22.95° 4.065 ~ 23.07 4.140
' C1 .01 .000 .03 .000
Total: 86.29 19.941 85.48 20.037
Unsheared gabbro sample: CWM-35A kpl&gigciase)
wﬁ % form wt & form  wt 3 form wt %
- ’ : '
Na20 4.00 .35 6.14 .54 5.55 .49 4.97

Al1203 29.14 1.57 27.00 1.41 27.12 1.46 27.96
$102 52.19 2.40 55.88 1.41 54.58 2.49 53.02
K20 . 0.15 .01 0.08 .00 0.10 .01 0.54
cCa0 - 12.91 .63 10.15 .49 11.21 St 11.60
FeO 0.60 .02 0.57 .02 0.70 .20 0.91
Total: 99.00 4.98 99.82 5.01 99.26 5.0l 99.00
Na20  3.87 .34 5.42 .48

A1203 28.82 1.55 27.46 1.47

s102 52.49 2.40 S4.36 2.47

K20 0.05 .00 +0.13 .01

Cal 13.42 .66 11.38 .55

FeO 0.81 .03  0.80 .02 ’

Total: 99.46 4.98 99.55 5.00

form

44
1.51
2.44

.03

.37

,03
5,02
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Unsheared gabbro sample: CWM-35A (cllnopyroxené)

Al

wt % form _wt &8 — form

Na20
MgO
Al202
si02 !
K20
CaQ
Tio2
Mno ~
FeO
Total:

.23
.10
.04
.70
.04
12.66
" .06
.22
127186

100.31

.015
.927
.086
2.027
.001
.. 492
.001
.006
.370
3.927

b 4

1

5

1
9

Unsheared gabbro sample:

Na20
MgO
Al203
sio2
K20
Ti02
MnO

Fetor

Total:b97.06 14,

wt %
.51
12.15
4.93
50.21
.24
.50
.43
16.61

2

fqrm wt
.14 .12
.65 14,17
.85 1.14
.35 52.14
.05 .04
.05 .09
.05 .25
.03 14.20
97 94.50

Sheared gabbro sample:

|
wt

11173
19.21
66.99
0.03
0.96

0.09 ~

99.01

L

form

.01
.00y
.97
.00
.04
. .00
.02

.57

2.
4,
0.

88
0s
49

.20
16 .
.18
41

9.

9.
8.

70
71

L0642
.735
.182
1.935
.009
.375
.004
.012
. 631
3.957

« CWM-35A (amphibole) .

%

forn

.03
.26
.19
.73
.01
.01

1.

03
80

14 .86

wt %

.39
14,58
3.25
53.16

.11

.10
.23 .03
13.76 1.64
98.00 15.02

.11
3.10

7.66

.01

.55

.02

form wt %

.1s
2.64
.85
7.35
.04
.05

.51
12.15
4,93,
50.12
.24
.50
.43 .05
16.61 2.04
96.97 14.97

CWM-35B (plagioclase)

wt

11.

- 19,

67.
0.
0.
0.

99.

%

form

.96
.04
.96
.00
.04
.00
.97




.Shefrad gabbro samples. CWM-35B (chlorite)

Na20
“MgoO

\ Al203
si02
K20
Cal
Ti02
"MnoO
FeO
Ccl
Total:

. Q

Na2d
Al203 ¢
$402
K20
Cal
FeO -
Total:

Na20
MgO
Al203
\ : S$i102
: K20 .
Cal
‘oT102
- MnO

Fecrot
Total:

wt %

. Q0
16.36
20.18
26.25

.. 00

.. 04

.07

.28
22.76

.00

‘form wt
000 .
6.635 16.
6.476  20.
7.147 24

.000
.008
.008 -
.063
5.180 22.
.000 -

-86:19 25.564 85.

wt %

10.29
21.67
66 .01

0.18

1.74
'0.08
99 .91

wt %
.30
\15.24 3,
-3.16
52.53 7.
.08
11.52 -1.
.19
.19
13.09 1.

96.30 14,

Unsheared gabbro sample:

form
.87
1.11
2.88
L0l
.12

.00
4.99

Unsheared gabbro sample:
s

form wt 8

.08 .25
21 15.61 3.
.52 3.44

67 52, 7
.01

74 1
54 9 1
81 48 1la

£

orm

3
.01 .000
32 6.741
46 6,684
.74 6.863.
.01 .000
.04 .004
.06 .008
.29 .065
92 . 5.316
01 ©.000
03 25.716

Y

CWM-41A (plagioclase)

CWM-41A (amphibole)

form

.07
25
.57
.65
.01
.89
.00
.03
.48

.95

‘13

5
48

12.

1l4.
94,

vt %

.38
.66
.93
.20
.17

~N =N

.86
.18

form

.11
.98
.02
.05
.03
40 1.
.09
.02
77 - 1.
70 15.

94

81
05

15.

3

53.

12.

13

96.

74

<

| 4
wt %
.32
61
.06
51
.07
78 1
.07
.25
.07 1

l4

form

.09
3.

27

.51
7.
01 ¢
.92
.01
.03
.26
.75

65

2




wt § .form wt % form

Na20 .17 .05 .29 .08
Mgo - .57 3.51 15.05 .18
A1203 1.17 .19"' 3.80 .63
$102 53.71 7.8% 52.18 7.53
K20 , .02 .00 .09 .02
Ca0 12.78 1.95 12.09 .84
. T102 ‘.10 .01 .08 .01
MnO .20 .02 .18 .02
Feeor 11.83 1.41 13.724 1.63
Total: 96.55 14.98 97.48" 14.94

Sﬁe;réd gabbro sample: CWM-41B- (plagioclase)

wt 8. forﬁ wt: § form

Na20 11.16 .982 11.88 1.026
MgO _ ..00 .000 .00 .000
A1203 19.53 1.044 18.91 - .993
'$102 65.27 2.963  67.05 2.991
K20~ .04 .001 .03 ool
Ca0 .26 .012 .15 .006
Ti02 - .00 000 .00 .000
Mno o .03 ,000 .00  .000
FeO .01 .000 .01 .000
Total: 96.30 5.002 98.05 5.018

Sheared gaBbbro sample: CWUM-41B (chlorice)
. wt % form ~wt % form wt %.

Na20 © .01 .000 .04 .012 .00
Mg0 , .51 5.019 * 16.66 5.153 16.
‘Al203 .82 5.007 21.30 5.208 21.
sio2 .67 5,647 25290 5.372° 25,
K20 .03, .006 * o0 000
Ti02 .06 .005 .04 004

Mno .20 .030 - .21 .036 .
FeO , .96 4.090 24.25 4.208 24 .
cl .01 .000 .03 .000 .
Total: .31 19:805 ° B88.49 19.995 87.
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Unsheared gabbro sample:

wt % form
Na20 .54 .15
. Mgo ~ 15.07 3,20
Al1203 4.82 .81
si02 49.82 7.23
K20 .33 .06
Ca0 11.34 1.73
Ti02 1.01 .10
MnoO .21 .03

Feror 13.66 1.62
Total: 96.80 14,93

Unsheared gabbro sample:

3

wt % form wt
NaZR 6.34 .52 5.25
A1203 . 26.98 1.43 26.33
sio2 . 56.44 2.54 56:70
K20 0.04 .00 0.79
CaQ 9.95 .48 10.02°
FeO 0.04 .00 0.21
T&tal: 99.79 4.98 99,30
Na20 5.71 .50 6.00
Al203 26.91 1.44 26.93
$102 55.61 2.52 56.36
K20 0.07 .00 0.10
Cal 11.04 .53 10.86
FeO 2 0.21 .01 - 0.18
Total: 99.55 5.00 100.43

CWM-82 (plaglioclase)

form

" .46
.1.41
2.57

T .04

.49
.01
4,98 °

.52
.43
.53
.00
.52
.00
.5.00

Xy

wt

5.
27.
55

0.
11

0.
99

5
26.
56.

0.

‘10.

0.
99

3

77
31

.46

07

.23

12

.96

.85

81
07
06
26
15

.20

. form

N =

.51
1.
2.
.00
. 54
.00
. Qo

45
50

.51
.43
.54
.00
.50
.00
4.

98

CWM-82 (amphibole)

wt

!

- 5.
26.
55.
0.
10.
0.
99.

5.
27.
55.

0.

.10

0.

99.

3

82

90"

66
04
66
21

29

64
50
58
10
79
21
82

"form
.51
.44
.52
.00
.52

.01
.00

.49
.46
.51
.01
.52
.01,
.00
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Unsheared gabbro sample: CWM-83 (plagioclase) - =
wt % form wt % form  wt @ form' G !
Na20 11.94 1.01 12.20 1.02° 11.40 .95
Al1203 " 18.94 .98 20.59 1.05 20.43 1.03
$102° " 68.00' 2.98 66.70 2.90 69.30 '2.96
K20 0.13 .01 - 0.07 .00 - 0.04 .00 S

Ca0 0.88 .04 1.72 .08 0.98 .05 ot e .
FeO - 0.08 .00 0.18 .01 0.03 .00 c
Total: 99.97 5.02 101.46 5.05 102.18 4.99 . =
.Unsheared gabbro sample: CWM-126 (plagtoclase)

. wt % form wt % form wt % ‘form e .

. Na20 9.26 .79 11.41 .99 11.07 .95 o ; )
A1203 22.03 1.14 20.27 1.07 19.65 1.02 . 0
si02 65.11 2.85 67.52 1.07 67.84 2.99 : . s
K20 - 0.44 .02 0.03 .00 0.29 .01 : .

Ca0 2.83 * 13 0.09 .00 0.04 .01 :
FeO 0.20 .00 0.02 .00 0.02 . .00
Total: 99.87 4.97 99.34 5.02 98.91 -4.98 SN *
Na20 11.83 .97 11.19 .95 .
A1203 20.31 1.05 30.98 1.08 o o , :
5102 66.49 2.93 .66.16-  2.90 o s o
K20 0.03 .00 0.03 .00 :
Cal 1.51 ' .07 1.69 .08 . .
FeO 0.03 .00 0.04 .00 .
Total: 99.76 5.02 100.09 5.01
A Y v

Unsheared gabbro sample: CWM-126 (amphibole) )

wt 8 form wt & form wt & form wt.% form wt & form
Na20 1.29 .37 1.42 W42 1,17 235 J1.42 .45 1.52 .46
Mgo 5.23 1.17 5:35 1.22 4.90 1.11 &.134 .98 4.79 "1.11
Al203 12.83 2.27 12.75 2.30 12.77 2.307-14.58 2.66 13.43 _2.46
SL102  43.26 6.48 43.84 6.41 42.43 6.48 39.28 6.13 41.39 643,
K20 .33 .06 .29 .06 .28 . .05 .37 .07 4 .30 " .06’
Ca0 '10.87 1.75 11.46 1.88 11.47 1.88 11.48 1.86 10.78 .1.79
Ti02 .24 . .03 .21 .02 .26 .03 .27 .03 .25. 109 .
Mno .34 .04 27 -03 .34 .04 .33 .04" .28 .03
Feece 23.98 3.01 23.39 3.00 23.77 3.03 24.32 3.16 22.64 2.94

Total: 98.30 15.18 96.98 15.32 97.39 15.27 96.39 15.38 95.38 15.31




Unsheared gnbbr-o sample: CWM-127 (plagioclase)

-

wt § form vt % form
-
Na20 7.82 . .67 6.81 .58
Al203 24..09 .26 26.136 1.36
si{i02 61.18 .72 69.88 2.62
K20 0.07 .00 0.04 .00
a0 6.83 .32 7.78 .41
FeO 0.04 .00 0.10 .00
Total: 100.03 4.97 100.97 4.97

‘pnshoéred gabbro sample‘:. CWM-127 (amphibole)

-

wt form wt & form wt % form

Na20 .88 .25, 1.03 .30 1,21, .34
MgO 10.54 .28 9.78 2.17 7.05 1.54
A1203 8.91 .52 8.68 1.52 13.68 2.70
5102 47.18 84 46.61 6.93 41.79 6.11
K20 .07 .01 .21 .04 .54 .10
Ca0 10.36 .61 11.41 1.82 11.77 1.84
T102 .29 .03 .39 .04 .32 .02
Mno .41 .05 iA .03 .23 .03
Fepeor 18.87 2,29 18.51 2.30 20.23 2,47
Total: 97.50 14 .88 96.86 15.15 96.85 12.72

Unsheared gabbro sanmpla: CWM-141A (plagiogclase)
% *
we & form vt & form wt & form

Na20 3.79 .35 .80 .35 4,33 .39
Al203 . 29.39 1.63 .18 1.57 .68 1.60
sio2 49.96 2.35 50.73 2.40 50.39 2.38
K20 0.14 .01 .04 .00 0.10 .00
Ca0 12 *45 .63 .32 .63  12.00 .61
FeO 0.63 .02 .60 .02 .063 .02
Total: 96 .74 4.99 .70  4.97 9&6.13 5,00




Unsheared gabbro sample: CWM-141A (amphibole) .

wt % form wt % form , wt % form
Na20. .30 .09 : .10 .34 .10
.Mgo 14.08 3.09 14. .12 '13.20 .95
Al1203  4.61 .80 3, .58 3.64 .64
$i02  49.41 7.28 50. .44 51,30 .55
K20 .13 .02 . .02 .11 .02
Ca0 10.74 1.70 11. .90 11.38 .83
T102 206 .01 . .08 © .09 .01
MnO .21 .03 . .03 .26 .03
Fegor: 14.14 1.78 13. 1.73 24.13 1.77
Total: 94,09 14.80 94.96 15.00 94.61 14.90

Sheared gabbro sample: . CWM-I-AIB (plagioclase)

wt 8 form wt % form
Na20 12 .48 1.08° L34 .98
Al1203 19.25 1.02, .09 .95
sio2 65.75 2.94 .98 3.02
K20 0.04 © .00 .05 .00
Cal . 0.62 .03 .80 .04
FeO 0.10 .00 .07 .00
Total: 98 .24 5.07 .33 4,99

Sheared gabbro sample: CWM-141B (chlorite)
wt % form wt & form wt &

.01 .000 .07 .022 .
.73 .615 12.93 L6647 12.
.05 .504 20.25 .520 19,
.48 .667 24.28 .597 26,
.00 ,000 .02 .005
.04 .005 .0 .000
.07 .005 .oi ,002
.27 .039 .22 .033
L4l .208 .98 .270
043 . . 110
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Unsheared gabbro sample: CUM-142A (plagioclase)
vt % form vt % form »
Na20 5.89 .52 5.12 .44

Al203 26.36 1.41 28.82 1.53
$102 | 56.61 2.57 54.55 2.46
K20 0.07 .00 0.04 .00
Ca0 9.44 .46 10.89 .53
FeO 0.34 .01 0.37 .01 o

Total: 98.71 4.97 99,79 4.97

s

Unsheared gabbro sample: .CWM-142A (amphibole)
vt 8 form wt ¥ form
Na20 .61 .17 .87 .24 -
Mgo 11.45 2.54 9.82 2.19
Al203 4,35 .75 5.30 .89
$102 50.35 7.40 48.82 7.14
K20 .15 .03 .09 .02
Cal 1137 1.80 9.65 1.49
Tio2 .50 .05 .62 .06 .
Mno .27 .03 52 .05 hd

Feror 17.48 2.22 21.83 2.63
Total: 96.56 14.99 97 .52 14.71

Sheared gabbro sample: CWM-142B (chlorite)

vt % form wt. ¢t ‘form wt § form
Na20 .01 .000 .03 .012 .02 .006
Mgo 14.06 4.432 13.26 4.256 14.36 4.515
Al1203 20.11 5.009 20.38 5.173 20.30 5.047
s$102 26,26 5.555 25.38 5.471 25.97 5.481
K20 .01 .000 .01 .000 .00 .000
Cal .02 . .000 .00 .000 - .05 .006
Tio2 .04 .000 .04 .000 .07 .005
MnoO .31 .049 ) .29 _.050 .24 .037
FeO 27.40 4 .848 27 .36 4.927 27 .33 4.824
Total: 88.29 19.898 86 .85 19.5%01 88.41 19.928




Sheared gabro sample: CWM-142B (chlorite)

wt § form wt % form

Na?20 —.01
MgoO 12 .68
Al203 .78
Si02 .72
K20 .02
GCaO .02
Tio2 .02
Mno .21 .032
FeO 28.91 5.230
Ccl .01 .001
Total: 87.55 20.084

.000
.088
.294
. 345
.000
.000
.000

.00
12.10
20.12
24.98

.01

.04

.01

.29

.000
. 941
.187
L4662
. 000
. 005
. 000
.051
28.84 5.276

.00 .000
86.50 19,988

Sheared gébbr; sample: CWM-142B (plagioclase)

wt § form wt % form wt % form

Na20
Al203
S102

11.35 .96
19.17 .99
68.28 .98

10.
19.28
66.30

95 .95 11.
1.02 19.
2

.97 6l.

74
89
45

.04
.07
.89

K20
Ca0
FeO

0.03 .00
1.23 .06
0.12 00

0.02
1.21
0.13

.00
.06
00

0.
1.
0.

03
25
18

.00
.05
.00

Total: 100.18 4.99 99.89 5.00 96.54 5.05

CWM-142B (amphibole)

Sheared gabbro sample:
wt % form
.36 .40
.52 Ny
.27 .19
.14 .52
.39 .07
.42 .85
.04 .00
.20 03
.07 79
.41 .32

Na20 1
Mgo 6
Al2012 12
Sf102 43
K20
CaO
T102
MnO

Ferot
Total:

11




Unsheared gabbro sample: CWM-143A (amphibole)

wt % form

Na20 .51 .15
MgO 45 2.36
A1203 .67 .83
$102 .24 7.31
K20 .20 .04
Ca0 10.59 1.72
T102 .12 .0l-
Mno .23 .03
Feeor 19.31 2.45
Total: 94.41 14.90

Unsheared intermediate volcaniclastic sample:
CWM-144A (plagioclase)

wt % form wt % form
Na20 10.18 .86 11.61 .96
Al203 19.40 .99 19.29 .96
$102 68.48 .98 71.49 .04
K20 0.63 .03 0.06 .00
Ca0 0.43 .02 0.03 .00
FaO 0.04 .00 0.00 .00
Total: 99 .16 4.88 102.48 4.96

Sheared intermediate volcaniclastic sample:
CUM-144B (plagioclase)

Wt 8 form

11.81 .98
.80 1.00
.58 2.99
.09 .00
.22 .01
.02 .00
.52 .98




Sheared gabbro sample: CHH-146B‘(p1agioc1ase)
wt & form

Na20 10.73 .92
A1203 19.33 1.01
s102 87.76 3.00
K20 0.10 .01,
CaOl 0.54 .02
FeO 0.18 .01
Total: 98.64 4.97

Unsheared gabbro sample: CWM-149A (plagioclase)

wt % form wt & form ~ wt % form
Na20 - 10.82 .92 10.74 .90 10.04° .B4
A1203 21.10 .09 20.60 .06 .34 1,13
F102 65.88 .84 67.89 .95 .65 2.87
K20 0.04 .00 0.09 .01 .03 .00
cao 2.52 .12 1.12 .05 .71 .13
FeO 0.18 .00 -0.14 .00 .10 .00
Total: 100.54 .02 100.58 4.9 .87 4.97

Unsheared gabbro sample: C(WM-149A (amphibole)
wt % form wt 3 form wt % form

Na20 .21 .35 .91 .27 .43 .12
MgO .50 1.67 8.23 1.87 13.39 2.90
A1203° 12.47 2.20 9.35 1.68 4.49 .77
$102 96 6.44 44.74 6,84 49.85 7.25
K20 44 > 08 .31 06 .14 .03
Ca® - .82 1.90 10.74 1.76 12.48 1.95°
T102 .23 .03 .38 .04 .44 .05
MnO .24 .03 .25 ,03 .25 .03
Ferot .95 2.63 19.68 2.52 16.24 1,98
Total: 97.82 15.30 94.61 15.07 9A. 71 15.05




[
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Sheared gabbro samplex_ CWM-149B (plagioclase) »
1 ’ . -
. wt § form

Na20 77 .98
A1203 47 1.04
$102 13 2.92
K20 0.13 _ .01
Ca0 0.56 .02
FeO 0.06 .00

-

Total: 101.12 4.97

Sheared gabbro sample: CWM-149B (chloritef

)

wt s form wt % fornm wt % form

Na20 .0l. .000 .00  .000 .05 .019
Mg0 64 4.410 13.94 4.428 - 14.29 4.53S
A1203 .75 5.301 - 19.98  8.016 20.72 5.20S
$102 33 5.275  25.81 497 25.43  5.417
K20 .00  .000 .05 .012 .00 .000
Cal .01  .000 .02 .000 .02 .000
T102 .06  .006 .02 .000 11 .012
MnO .21 .032 .22 .037 .18 L031
FeO 27.33 4.957 27.67 4.928  26.55 4.729
Total: 86.47 20.000 87.90 19.949 87.45 19.960-

Sheared gabbro sampla: CWM-155B (plagioclase)
wt § form wt % form wt § form

.81 .86 10.65 .93 10.52 .92
.8 1,16 20.13 1.08 20.86 1.11
.58 2.83 64,52 2.90 63.36 2.86
.06 .00 0.52 .03 0.64 .04
.34 .17 1.63 .08 1.65 .08
.08 .00 0.13 .00 0.28 .01
.81 3.02 97.76 5.02 97.31 5.02 -




‘ . _
Sheared gabbro sample: CWM-155B (amphibole)
wt % form )

Na20 .74 .21
MgoO .27 .92
Al203 7.23 .26
Sio2 47.99 .09
K20 .08 .01
Ca0 1T.15 .77
Ti02 .20 .02
MnoO .25 - .03
Feroe 13.50 1.67
Total: 94.41 14.98

3

Unsheared gabbro sample: CWM-156 (plagioclaase)

wt § form
Na20 8.82 717
Al203 23.76 1.26
5102 60.17 2.72
K20 0.04 .00
Ca0 5.76 .28
FeO - 0,03 .00
Total: 98.57 5.03

Unsheared gabbro sample: CWM-156 (amphibole)
wt &% form wt & form

Na20 .90 .26 .84 .25
MgO 10.95 "2.48 9.14 .08
Al203 9.33 1.66 11. .08
$102 46.20 6.83 44, .58
K20 .16 .03 . .14 .03
CaO . 10.97 1.78 10.77 .76
T102 .35 .04 .20 .02
Mno .29 .04 .33 .04
Feeoe 15.34 1.94 17, .21
Total: 94.50 15.05 94. .03




Unsheared gabbro samﬁl&: CWM-160A (plagioclase)

vt % form vt & form vt % form wt %

Na20 +  4.90 .43 4.59 .40 - 6.02 .92 3. , +33
Al1203 28.47 1.55 28.78 .53 27.56 .46 30. 1.63
5102 51.98 .41 53.61 .42 56.15 .52 s51. 2.35
K20 0.11 .00 0.09 .00 0..05 .00 0. .00
Ca0 11.93 .59 12.61 .61 10.19 .49 13, «67
FeO 0.70 .02 0.70 .03 0.49 .01 0. .01 -
Total: 98.09 .00 100.38 . 100.45 5.00 100. 4.99

Na20 ' 4.41 .38 3.97 . ¢
Al203  29.00 .54 29.83 1. o
$102 54.10 .43 52.01

K20 0.02. .00 0.11

CaO 12.54 . .61 13.58

FeO 0.61 .01 0.53 .

Total: 100.68 4.97 100.03 4.

Unsheaxed gabbro sample: CWM-160A (amphibole)
' form wt % form wt % form

.16 .86 .25 46 .13

.67 8.33 1.86 12.07 .49

.96 10. 1.84 5.73 .01

.09 43, .56 48.07 .18

.03 . .05 .10 .02

.90 11. .87 12.01 .92

.02 . .03 .25 .03

.03 134 .04 .23 .03

. .22 20.63 .59 16.49 2.06
94.97 15.06 96.84 .09 95.41 13.97

Shéared gabbro sample: CWM-160B (plagioclase)

wt % form
Na20 11.16 .94
Al1201] 20.87 .07
$102 66.62 .91
R20 0.91 .05
Cal 1.67 .08
FeO 0.16 .01
Total: °101.39 .02




Sheared gabbro sample: CWM-160B (chlorite)
vt 3 form wt & form wt 8  form

Na20 .00  .000 .05 .019 .00 .000
MgO .23 4.516 97 4.778 45 4,554
A1203 .02 5.029 .58 4,962 .23 5.038
$102 77 5.492 .82, S\527 13 5.521
X20 .25 .063 .13, .031 14,037
Ca0 .05  .006 .03 .006 .02 .000
Ti02 .04 . 006 .03 ,000 .04  .000
Mno .30 .050 .26 044 .29 049
FeO 26.98 4.810 25.78 4.615 26.83 4.740
c1 £ .o1' 000 .02 .000 -

Total:” 87.71 19.978 86.76 19.980 88.28 19.963

Unsheared gabbro sample: CWM-163A (plagioclase)

wt % form wt % form
Na20 11.50 .97 11.55° .95
A1203 15.50 .00 20.52~1.02
Si02 68.23 .98 ., 66.70 2.82.
K20 0.11 .00 0.04 .00
CaO 0.82 .04 0.62 .03
FeO 0.11 .01 1.45 .08
Total: 100.27 .99 100.88 4.90

~

Unsheared gabbro sample: ,EUH-ISSA (amphibole)

wt 8 form wt % form wt % form

.07 .66 .19 .79 .23
.84 11.18 2.42 10,22 2.31
.83 5.59 .96 5.82 1.04
.33 49.77 7.24 48.75 7.28
.01 .30 .06 .22 .04
.80 11.07 1.73 11.33 1.84
.06 1.00 .10 .55 .06
.04 .33 04 .31, .04
.92 18.32 23 17.12 2.17
.88 98. 97 95.11 15.11




Unsheared gabbro sample: CWM-163A‘(chlor1te)ﬂ
vt & form wt % form

.01 .000 .06 .018
.01 .633 15.55 .892
.17 .168 - 19,83 4.892
.78 .545 26.83 .629
.00 .000 .02 o .000
.03 .006 .02 .000
.04 .000 .02 .003
.29 _ 048 .32 .055
25.57 4.426 25.14 4.400
89.08 19.850 88.07 19.879

™. 4
gabbrl saople: CWM-163B (plagioclase)

‘we 8 form

Na20 .58 .99
A1203 .13 1.04
s102 .86 2.96
4] 0.06 .00
Ca0 0.20 .00
FeO 0.07 .00
Tocal: 99 .88 4.99

Sheared gabbro sample: CWM-163B (amphibole)
wt &% form wt & form wt % form

.96 .28 1,17 .35 1.32 .39
9.37 2,14 6.02 1.38 5.6 1,27
8.60 1.55 13.39 2.44 14.14 2.52
44,45 6.80 41.22 6.36 42.50 6.42
.16 .03 .46 .09 .48 .09
°11.03 1.81 11.02 1.82 11.38 1.84
.05 .01 .06 .00 .05 .01

.23 .03 .19 .03 .25 .03

19.33  2.47 21.46 2.77 21.84 2.76
94.20 15.12 95.18 15.24 97.60 15.33




N,
Sheared gabbro sample: CWM-163B (chlorite)

wt % form wt § form
Na20 .32 . 006 .00 .00Q
Mgo .91 4.059 36 4,243
Al203 .92 4.950 .27 5.094
S$i02 .99 S5.687 )33 5.613
" K20 .04 .006 .05 ,012
Ca0 .06 2012 .05 .0Q6
T102 .03 . 005 .02 .000
Mno .29 . 049 .23 .037
FeOo 28.04 4.944 27.00 4.8112
cl .01 .000 .00 ,000
Total: 88.36 19.750 87.46 19.887

Sheargd gabbro sample: CWM-164B (plagioclase)
wt % form wt % éform

Na20 8.61 .74 7.51 .68
A1203 . 23.35 1.22 24.61 1.29
$102 65.54 2.79 60.71 2.69
K20 0.20 .00 o.oi .00
Ca0 4.66 .21  6.99 .33
FeO 0.05 .00 0.10 .08
Total: 99.19 4.79 100.40 4.99

!Sheared gabbro sample: CWM-164B (amphibole)

‘wt % form

Na20 .75 .22
MgO .86 .48
Al1203 a4 .89
S102 .54 .52
K20 713 02
Cal .78 .93
Ti02 .06 .01
MnO .16 .02
F‘COC .89 .02
Total: . 11




Uﬁsheared gabbro sample: C0-22A (plagioclase)

wt % form‘ wt % form

Na20 .38 .88 10.49 .89
Al201 .53 . 21.51 1.11
$102 .46 . .65.70 2.87
K20 0.49 . 0.03 .00
Cal 2.46 . 2.82 .13
FeO . 0.25 . 0.12, .00
Total: 100.57 5.02 100. 5.00

Unsheared gabbro samplg: C0-22A (amphibole)

wt & form wt % wt &% form wt %
Na20Q .48 . .77 . . .13 .74
Mgo ~ - .88 . 11.73 . 13. 2.81 13.96
Al203 .30 . 6.90 . 4, .69 3.62
$102 .34 . 47.16 . 50. .31 51.77
K20 .07 . .09 . . .02 .11
Ca0 11.22 . 11.14 . 11, .76 10.86
Ti02 . .11 . .21 - . .01 .07
MnoO .23 .03 .30 . . .04 .29
Fergr 16.23 1.95 16.07 2, l6. .01 15.23
Total: 97.86 14.87 94.44 15. 96, .78 96,.65

Unsheared gabbro sample: C0-23A (plagioclase)
wt § form wt o form

Na20 .00 .63 5.85 .51
Al2013 .64 1.51 26.82 .43
Sio2 5.16 2,46 55.93 .53
K20 .08 .00 0.16 .01
Ca0 .57 .55 -10.34 .30
FeO .78 .03 0.66 .02
Total: .23 4.98 99.76 5.00




Na20
MgO
Al203
Si02
K20
Cal
Ti02
MnO

,vFetot

Total:

‘Unsheared

10.

46

10.

17.

95

gabbro sample:

wt &

.75
76 2
.15 1
.79 7.
.12
89 1.
.26
L4l
92 2.
.05 14.

form

.22
.40 15.
.26 1,
01 52.
.02
75 12.
.03
.05
24 13,
98 96.

wt

.14

68
98
26

.05

75

.01
.19

30
36

%

i4.

C0-23A (amphibole)
form

.04
.40
.34
.61
.01
.99
.00
.02
~57I
98

300
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Whole rock sa;ples were crushed and weighed.
Appoximately 35 to 10 wmilligrams were analyzed for 18p .
(measyred relative to standard mean ocean water - SMOW)

amd l3¢ (fnoasurad relative to .bellemﬁ‘itelln americana from

the Cretaceous Peedee Formation in South Carolina - PDB).

‘Oxygen isotope samples containing ‘'trace ., amounts of
&

carbonate were treated with HCl to,remove the carbonate.
P .

s

Mineral separates were hand picked from crushed
sanples, and tested for purity (>95%) by Xray diffraction

before anWis for 1‘0 and 13¢, Isotope )analyses vere

carried out in the laboratories of Dr. F. J. Longstaffe at

the University of AXbYrea.
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Oxygen Isotope Data on Mineral Separatss
. : .
Sample Quartz Chlorite Carbonate
§1%suow 8 80gyou sl80spmow s13cCppp
4
CWM-41C +9.1 +3.7
CWM-138 +8.7 +2.4
CWM-142E +9.3 +4.%
CWM-143B +8.8 +4.3
CWM-145B +9.1 +2.4
CWM-146B +9.6 +4 .8
CWM-14738 +9.3 " +3.4 . +7.8 -3.1 (calcitan)
CWM-151¢C +3.3 +23.6 -4.3 (Fe-dolomirce)
CWM-154C +8.7 +2.9 3
CWM-160C +9.3 +3.3
CUM-163cC +9.0 +4.4
CUM=164B. ' +9.1 +2.0 .
CWM-166C +9.6 +27.6 +0.9 (Fe-dolomite)
c0-22cC +11,2 +5.1
c0-23C +11.4 +5.5

-
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- ot
Sample Calcite Results
$180sm0y ¢280gmon ¢13cppp

sheared Samples: .
CWM-34B +6.5 +7.8 -4.,0
CWM-35B +5.7 +8.1 -2.8
CUM-84 : +9.9 .
CWM-140B +5.0
CWM-145B +8.4
CWM-1498B +6.2
CWM-154B8 +5.4 +7.8 -5.0
CWUM-155B +5.7
CWM-1608 +6.5 +8.1 -2..9
CWM-162B +7.8
CO-22B +8.8 ' +9.7 -3.5
C0-23B +6.7 +9.1 -3.5
Sample IGOSMOU R
Unsheared Samples:
CWM-24 . +7.6
CWM-34A +5.5 )
CUM-35A +5.4 ' ‘ *
CWM-57 +5.8
CwM-118 +8.5
CUM-145A +5.6
CWM-149A +5.4
CWUM-154A : +5.3
CWM-155A +8.6

’ CWM-156 +7.0
CWM-157 “+8.1
CWM-160A +5.2
CUM-162A +7.9
c0-22A +9.1

C0-23a +6.1

S
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APPENDIX C \
SELECTED SAMPLE CALCULATIONS
- ‘

85180, cp - 2.01 (106%1-2) + 1.99
(from Wenner and Taylor, 1971)
For CWM-41C, 6180, = +9.3"and %80, - +3.7
9.31-3.74 = 2.Q1 (106%T-2) {1 99
T2 - 561452.51

T = 749.3°K = 476°C A

\

asl8o, , - 3.38 (106%T-2) . 2 90
(from Friedman and 0'Neil, 1977 after Clayton et al., 1972)
For an estimated temperature of 723°K and Slsoq - +9 0%

9.0 - w = 3.38%106 - 2.90
(723)2

A
W = 6.‘2 Fe.
8680 cc = .6 (106%1-2) . o1 “
(from Friedman and O’'Neil, 1977)

for CWM-166C: 9.6 - 27.6 = -18 = .6 (106#T"2) . 01

T2 = .33352

unsolveable equation
a




: . ;

- mode of secondary mins
mode of primary + secondary mins

For sample CWM-141A, primary minerals = 22.0 % actinolitic
, hornblende

secondary minerals = 5.2 % biotite
26.5 chlorite

- 5.2 + 26.5 - 0.59
5.2 « 26.5 + 22.0




The graphs plot formatio"n pPressure curves /relativo to

N
temperature correction (- Tformation * Thomogenization)
(ve’rtical axis), and homogenization temperature
(hor;zontnl axis), for different salinities of fluid. In
this study, homo‘genjizatlon temperature was measured, and
temperature correction was calculated using the formation

temperalﬁures determined«from oxygen 1isotope thermonmetry,

and therefore the trapping pressures of cthe fluid

~Inclusions can be estimated using these diagrams.
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Whole rock major element analyses were carried out on
solutions by acbmic absorbtion spactophotometry at
Memorial Universlty by G. Andrews, The results are
presented as a weight percent. Errors are estimated to be
+/- 2% of the reported values. F;rrous'-nd ferric fLron

were distinguished by titration.

Trace el{ments w;te analyzed by X-ray flourescence on
pPressed paowder peilets by G. Viennott at Memorial. Thov
results are presented 1in ﬁ;rcs per million (ppm). A
standard was run a total of eight times with the unknowns,

and its results were reproduceable to within about 5%, .
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Oxide CWM-34A CWUM-34B CWM-35A CWM-3SB CWM41lA CUM-41B
$102 50.0 46.7 48.4 41.2 49,2 35.3

T102 0.64 .80 0.88 1.12® 0.60 0.68
A1203 14.5 .6 14.1 15.7 12.8 17.6

FeO - .42 .29 9.00 10.58 10. 28 17.29
Fe203- 2.10  0.55 .49 .26 1.90 2.14
MnO '0.16 .16 .18 .19 0.17 0.15
Mgo' .38 129 .12, .36 11.0 13.2
Ca0 .78 .48 . 7.14 5. 98 .54
Na20, .91 .83 .84 .43 .72
K20 .69 .51 .58 .78 .73
P205 .05 .05 ).07 .07 .26
Lol .85 3.22 8§.96 .53 .92
Total .69 . 100.25 100.14 100.23 98.44

I
WO

WOHOO-uyuwoo

<0

Oxide CWM-137A CWM-137B CWM-139A CWM-139B
$102 . 47.8 45 .6 46.0 44,2 ,
Ti02 , 0.76 .84 ~ 1.08 1.08 /
Al1203 . 14.4 A 15.3 14.1
FeO .89 ST 10.54 12.05
Fe203 .48 .12 1.94 1.06
MnoO .11 .18 .16 - 0.18 0.19
"Mgo .81 .84 .93 7.79 8.21
cao .36 .6 .68 8.88 7.42
Na20 .74 .60 .02 2.80 1.70
K20 .31 .26 .37 0.19 0.13
P205 0.16 .07 .11 0.08 0.10
LOI 0.63 .49 .53 2.78 6.52
Total 99.80 .31 .38 98.52 98,52

[
w & O

(]
VNOOHOOIZON®
OWNOONNDMO =

- \O
O

Oxide CVWM141A CWM141B CWM142A CWM142B CWM145A CWM14SB
$102 44,7 47.6 49.6 47.5 49.8 86.5
T102 1.24 1.60 1.32 1.36 1.44 0.00
A1203  14.8 11.8 12.9 12. i 3.33
FeO 10.62 12.71 11.70 13, . 3.73
Fe203 .34 2 .64 4.51 0.64
Mno .18 0.19 0.20 0.04
MgO .37 5.96 6.16 2.05
Ca0 .54 5.64 8.92 0.50
Na20 .14 1.66 1.93 0.20
K20 .82 0.65 0.39 0.10
P205 11 0.28 0.12 0.00
LOI .34 6.65 1.67 1.65
Total .37  98.78- 98.62 99.15
14

VOO HFDIOVON
BNOOrHH unoh O

-]
-]
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‘Oxide CWM149A CWM149B CWM149C CWM149D CWM1S1lA CWM1S1B

. S102 49 .1 45.2 53.0 54.8 47.0 48.3
T102 1.60 1.24 1.00 0.60 0.92 0.48
Al1203 12.8 11.9 13.6 11.6 14.3 11.2
FeO 11.59  11.90 5.13 . 11.10 10.43 11.78
Fe203 3.47 1.40 1.10 2.12 1.90 4,93
Mao 0.21 0.16 0.10 0.15 0.17 0.17
Mgo 6.84 6.64 3.78 6.96 9.47 9.42
Ca0 8.86 7.58 8.94 4.72 7.78 1.98
Na20 2.28 1.37 3.62 3.12 2.00 0.02
P205 0.15 0.14 0.27 0.16 0.09 0.06
LOT 1.14 8.81 6.45 8.29 3.33. 7.88 :
Total 99.88 98.56 98.81  99.32 - 99.01 99.29
Oxide CWM152A CWM152B CWM1S54A CWM154B CWM160A CWM160B
$102 48.0 48,0 50.9 45,2 49.1 45.8
T102 1.04 0.68 0.88 0.96 1.20 '0.88
A1203 14.3 14.7 13.8 14.4 13.9 11.7
FeO 11.51  11.99 7.47 8.44 10.67 12.01
Fe203 1.173 1.15 2.28 1.70 1.87 0.66
MnO 0.20 0.17 0.16 0.16 0.20 0.22
MgO 9.23  10.1 9.39 8.79 7.36 7.49 pr
Ca0 7.26 2.88 9.50 9.16 10.0 8.88
Na20 2.58 0.81 2.01 2.40 1.81 0.92
K20 1.01 1.09 1.34 . 1.15 0.49 0.49
P205 0.08 0.09 0.12 0.11 0.09 0.06
LOT 2.43 6.73 1.58 6.25 1.82 9.64
Total  100.62 99.67 100.25 99.65 99.68 100.07

: Oxide CWMl61A CWM161B CWM163A CWM163B COl3A COL3B
$102 49.1 45.3 48.5  -47.0 49 .1 43.8
T102 1.56 1.28 0.92 1.72 0.92 0.76
A1203 13.1 12.0 13.6 11.7 14.3 14 .1
FeO 12.05 12.16 10.75 13.45 9.87 9.83
Fe203 3.05 1.35 2.12 2.52 2.13 0.75
Mn0o 0.22 0.20 0.22 0.22 0.22 0.14
MgOo 5.36 4.90 8.18 6.10 7.36 6.49
Ca0 8.10 8.56 10.2 8.80 10.1 8.18
Na20 —~ 2.18 2.27 2.15 1.20 2.80 3.47
K20 0.49, 0.92 0.30  <0.51 0.30 . 023
P205 0.12 0.20 0.06 0.16 0.08 0.08
LOI . 1.92 8.03 2.12 4.39 0.77 9,66
Total 98.77 ©99.51 - 99.51 99.11 99.02 98.57
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Oxide CO0l4A COl4B c022a C022B C023A C023B
$102 48.6 47.3 48.6 '57.6 47 .0 41.6
T102 1.00- 0.96 ., 0.84 0.68" V.80 0.60
©Al203 14.4 14.1 13.4 l4.1 L1409 14,6
FeO 10.05 9.45 11.29 4,74 10.19 11.09
Fe203 1.98 1.55 1.67 1.09 2.27 0.67
MnO 0.18 0.14 0.15 0.08 0.17 0.15
MgO 8.19 9,77 9.19 2.88 10.1 9.11
CaO 10.0 6.24 4,68 7.78 7.64 7.54
Na20 2.04 1.90 1.74 1.97 1:80 2.137
K20 0.23 1.29 1.36 1.95 0.60 0.40
P205 0.08 0.09 0.07 0.07 0.04 0.05
Lol 1.14 1.29 5.30 6.30 3.76 10.01
Total 100.14 98.90 99.53 99,76 99.77 99.41
RESULTS _OF MAJOR ELEMENT ANALYSES FROM FELSIC TQ
INTERMEDIATE ROCKS .
Oxide CWM-36A CWM-36B CWM140A CWM140B CWM141D CWM141D
5102 58.2 77.6 64.7 59.5 59.7 61.0
T102 0.88 0.40 0.60 0.36 0.64 0.56
Al1203 14.7 10.7 13.2 12.5 15.7 16.2
FeO 6.72 1.35 4.49 7.23 5.23 5.11
Fe203 1.16 0.57 0.12 0.48 1.05 0.68
MnO 0.12 0.03 0.06 0.10 0.08 0.07
MgO 5.80 1.30 4,42 11.4 4,13 3.87
Ca0 4.66 3.56 3.22 0.28 3.74 3.30
Na20 4,92 3.05 3.34 0.12 4.45 4,38
K20 0.97 0.07 2.07 1.19 0.3¢6 1.63
P205 0.26 0.18 0.14 0.13 0..1% 0.27
Lol 1.31 0.47 2.01 4.98 2.78 1.99
Total 100.44 29.46 - 98.86 99.45 98,57 99 .62
Oxide CWM144A CWML44B CWM1S5A CWMI55B CWM158A CWM1S8EB
si02 76.9 38.7 74.. 8 54.8 61.2 42.5
Ti02 0.16 0.20 0.16 0.80 0.64 1.04
A1203 11.2 8.92 12.8 14.1 15.8 25.4
FeO 1.24 29.9 1.37 5.52 4.52 6.87
Fe203 0.59 1.90 1.40 0.76
Mno 0.03 0.03 0.03 0.14 0.08 0.08
Mgo 0.26 1.36 0.62 8.00 3.83 7.84
Ca0 1.72 0.12 0.96 7.14 5.36 2.88
Na20 4.48 0.36 4.70 2.10 3.41 1.78
K20 2.19 6.03 2.89 2.71 1.27 4.53
P205 0.04 0.08 0.01 0.14 0.13 0.23
Lol 1.24 13,26 0.39 2.29 2.49 4.83
Total 99 .46 99 54 99.48 100.51 100.63 Q?.49




Oxide CWM162A CWM162B
$102 72.2 63.5
T102 0.72 0.76
Al203 13.1 14.5
FeO 3.48 .58
Fe203 0.31 .13
Mno 0.05 .08
Mgo 1.51 .50
Cal - .12 74
Na20 .49 .78
K20 .98 .70 .
P205 .13 .20
LOI .70 74
11

Ve L3
OVONOHMFHEUMNOO W&

Total .51




Sample ~ Zr Nb T1/100 Cr

e

CWM-34A 17 103 56
CWM-34B 15 53 " 85
CWM-354 11 112 56
CWM-35B 14 52 73
CWM-41A 23 85 B2
CWM-41B 11 13 141
CWM-92 ., 34 252 100
CWM-137A 2 103 51
CWM-137B 4 72 45
CUM-139A 0 100 67
CWM-139B 0 , 52 59
CWM-141A 17 117 73
CWM-141B 44‘ 39 162
CWM-142a 5 101 90
Cwm-142B 1 41 - 89
CWM-145A 6 92 98
CWM-145B 4 14 6
"CWM-149A 14 137 123
CWM-149B 23 59 110
CWM-151A 6 151 74
CWM-151B 14 12 61
CWM-152A 14 74 73
CWM-152B 6 57 76
CWM-154A 30 235 70
CWM-154B 26 95 75
CUM-160A 17 104 81
CWM-160B 17 54 57
CWM-161A 9 123

CWM-161B 28 75

CWM-163A 5 120 62
CUM-163B 11 70

62 14
59 320
75 314
119 435
76 443
267 296
17 148
71 337
59 495
112 164
91 229
116 353
208 56
138 73
136 86
136 28
2 21
156
153
102
106
108
. 140
82
74
92
77

92

5
6
3
5
4
7
7
4
4
5
4
S
9
7
5
7
3
9
9
3
4
6
4
5
7
8
7
9
5
2
9

CO-13a 4 110 65 91
CO-13B 1 42 66
C0-14A 2 108 69

C0-14B 27 91 61

94
93

[V 3 SV Y X




Sample Rb Sr Y Zr Nb T1/100 Cr

CWM-36A 24 130 17
CWM-36B 14 198 17
CWM-140A 54 125 21
CWM-140B 18 3 16
CWM-141C 2 178 17
CWM-141D 36 170 18
CWM-144A 39 72 23
CWM-144B 83 204 19
CWM-155A 70 69 30
CWM-155B 110 199 16
CWM-158A 33 209 18
CWM-1588B 82 93 21 106
- CWM-162A 61 163 28 65
CWM-162B 38 227 28 83

89 91
53 37
62 138
76 . 176
72
74
20
67
21
70
65
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APPENDIX F

soco ech ue (Crant, 1986
The "isocon rtechnique, devised by Grant (1986), is a
me thod of determining the relative gains and losses of
elements as a result of .chemical alteration. In order to
L]
usa this method, it must be assumed t—hat one element, or a
parameter such as mass or volume, has_rema.ined unchanged
-during’ alteration, and then the relative enrichment or
depletion of other elements may be estimated, The

horizontal axis represents the concentration of an element

in the unaltered state, while the vertical axis represents
the concentration of the same element in the altered
v state. The axes are scaled from O to 30, and values which
lie outsi&e of this range are multiplied by a factor such

that the product lies between 0 and 30.

The constant parameter ‘ (in this® study, Al,903) is

<

plotted on the diagram by oplotting 1its unaltered

1=

concentration on the horizontal axis, and its altered
coPcentlration on the vertical axis. The 1{isocon (which
represents a line of constant concentr@tion) 1s then drawn
from the‘ origin through this point, so that 1: intersects
the vertical axis on the right hgnd side of the di;gram.
. This pogint of intersection“ represents an

en‘richme_nt/deple.cion of zero._»vwher‘e the vertical line

intersects the ~ horizontal axis of the diagranm, the




enrichment (s equal to -100%; or 100% deplation,
space between these points ‘can be scaled between 0

100.

‘The same scale can be ussd above the point 0,
represents positive values of anrichment. There 1{s no

upper limit to the extent of enrichment possible,

To determine the magnitude of enrichment or depletion

of a given mobile element, {1t is plotta‘d on the diagram

and a line is drawn from the origin through that point to

intersect the scaled vertical line on the right hand side
of the diagram. The amount of depletion or enrichment s
determined from the poistion of intersection on the

vertical axis on the right hand side of the diagranm,
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~ .
Modal abundanceés of minerals were determined from thin
) sections by point counting (1000 points). These values
weres converted to molar quantities using the following
molar volumes (cm’/mol): amphibole = 273, albite = 100.2,
anorthite = 100.8, chlorite = .141, epidote = 139,
carbonate = ‘37, blotite =- .151, sericite/muscovite = 150,
| quartz = 22.7, pyrite = 24, K-feldspar - 108.
| .
4
) (S
y
4 i

1
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metabasite samples

Sample # plag amph epi N\eurdb bio

CWM-34A 31.3 - 35.0 16.0 2.0 '

moles: .312 .128 .115 .054

CWM-34B 18.5 0.2 l4 & 2.8 2.6
moles: .184 ©.001 .390 .018 .018
CWM-35A 29.0 39.2 21.2 0.8 1.5 ) N
moles: 289 144 .152 .021 .010
CWM-35B 35.7 ‘ . 1.7 12.3 0.3 0.3 .
moles: .356 012 .330 .002 .002
CUM-414 24.2 43 .4 2.7 0.4 1.3 1.1
moles: .241 .159 .019 .011 =009 .008
CWM-418 22.2 1.9 0.2 4.7
moles: .222 .014 .005 .0313
CWM-141A 22.2 23.2 13.1. 4.3 6.2 1.6
moles; .221 .085 .094 .116 .041 .011
CWM-141B “17.5 4.1 10.9 5.0 1.5
moles: .175 o .029 .295 ,033 011
CWM-142A 25.6 46 .7 11.7 0.4 0.4
moles: .255 171 .084 .011 .003
CWM-142B 19.0 4.5 5.7 1.1
moles: .190 .032 .154 .007

. CWM-149A 22.8 55.7 5.4 1.1 4.4
moles;: .227 .204 .039 .030, .029
CWM-149B 0.6 1.0 17.0 4.6
moles: .006 , .007 461 .030
CWM-160A 33.1 40.8 5.4 :

moles: .330 .149 .039 )

CWM-160B 23.8 . 1.8 6.9 1.8
moles: .237 .013 .187 ¢+ ,012
CWM-163A 26 .6 47.2 12.8 2.6 -

moles: .265 .173 .092 .070

CWM-1613B 12.1 37.1 6.6 4,2 9.2
moles: .120 136 067 114 .06l
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felsic to intermediate volcaniclastic samples

Sample # plag Ksp chl epi carb bio ser qtz py sph

CWM-141C 37.9 9.1 20.9 8.4 1.2 1.2 2.6 17.6 1.1
moles: .378 .091 .152 .061 .032 .008 .018 .776 .023
CWM-141D 20.0 7.7 4.6 1.5 0.2 29.4 4.6 29.8 0.6 1.6
moles: .200 .077 .036 .011 .005 .195 .033 1.313 .002 ,034
CWM-144A 27.3 1.4 3.2 21.7 46.1 0.3
moles: " - ° .272 . .038 ,021 .154 2,032 .006
CWM-144B 21.6 0.4 0.8 28.9 12.2 34.2 0.8 0.6

molesg: .216 .003 ,022 .191 .087 1,507 ,033 .013

Abbreviations wused: plag =~ plagiociase, amph = amphibole, chl
chlorite, epl = epildote, cardb = carbonate, bio = biotite, ser
sericite, qtz = quartz, py - pyrite, Ksp = K-feldspar, sph = sphene a
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ARPENDIX H

N Idealized formulae of mineral gralns too small to
obtain microprobe analyses for are as follows:

sericite: KpAl,SigAlgO090(O0H),

epldote: CaFe3Al0513071 (OH)

chlbrite (intermediate volecaniclastie samples):
MgeFesS1gAl2020(0H) 16 .

sphene: CaTiS10,(OH)

pyrite: FeSo

clinozoisite: CajAl3051301) (OH)

)
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